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RESEARCH MEMORANDUM

A SURVEY OF UNCLASSIFTED AXTAT-FLOW-COMPRESSOR LITERATURE

By Howerd Z. Herzig and Arthur G. Hansen

SUMMARY

A survey of unclassified axieal-flow-compressor literature is presented in the
form of brief reviews of the methods, results, and conclusions of selected reports.
The reports are organized into several main cetegories with subdivisions, and fre-
quent references are made within the individual reviews to pertinent material else-
where in the survey.

INTRODUCTTON

This report, presenting & broad survey of the acquired informaetion and the re-
search progress into verious aspects of the aerodynamics of axial-flow compressors,
takes the form of brief reviews of the methods, resulis, and conclusions of selected
reports on compressor lnvestigetions. The comments and evaluetions ln the reviews
reflect statements by the authors of the reports belng considered, unless specified
otherwlse. . -

The reports have been selected to obtain a comprehensive picture. Obviously,
not all the related reports could be reviewed. Therefore, omlssion of a report does
not necessarily reflect on its worth. Also, only the unclassified reports are re-
viewed, because much of the fundemental work in ‘the major compressor problems is
unclasgsified.

The entire survey comprises two maln sections, the first reviewing the litera-
ture under the genersdl heading of FLOW AND DESIGN THEORIES, and the second lncluding
mainly the experimental investigetlions into compressor pexrformance and characteris-
tics. Reports on end losses, secondery flows, works of general historical interest,
and an alphsbetlical author lndex are also included. Many investligatlons involve
analytical as well as experimentel studles, so that the placing of a review within
a theoretical or experimental heading 1s arbitrary. Assignling a report to a sub-
division under a main heading is also axrbltrary, because many reports touck upon
seversl espects of compressor research. The reports are placed on the basls of what
was considered the meln toplc discussed in each report. Insofar as possible, ref-
erences are mede in the reviews in each subdivision to pertinent studles reviewed In
other sections.

SECTION I. FILOW AND DESIGN THRORTES

A. CASCADES, BLADE ROWS, STATORS, AND ROTORS
1. Ruden, P.: Investigation of Single-Stage Axial Fans. NACA T 1062, 1S44.
The axleymmetry assumption of an infinite number of thin blades gives the correct

clrcumferentially averaged values of the fluld properties, provided the deviatlions of
these properties from the average are small.
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The assumption that all radisl components vanish could not be maintained in
estimating the behavior of an axial-flow fan over 1lts entire cperating range. There-
fore, formulas for calculating statlonary and rotating cascades are derlved -assuming
small nonzero redial velocities. After individual sirfoil-section calculations sre
made, & through-flow-distribution calculetion is made which correlates operating con-
ditions of the ilndividual cascade sections. The Betz method (interference of nelgh-
boring profiles sccounted for in a two-dimensionsal potentisl-flow solution about a
central airfoil using the Betz chart) 1s extended by the use of a thicknese correc-—
tion, and dlagrams are used to simplify the calculations. The through-flow calcula-
tion procedure leads to a &lfferentlel equation which is reduced to a difference
equation and solved by an iteration process.

2. Ferrari, Carlo: Un methodo rapido epprossimetoc dl calcolo delle caratteristiche
aerodinemiche delle schiere d1 profill alari. Atti dells Accad. delle Scl. di
Torino, t. 81, no. 1, 1947, pp. 264-283. (A Rapid Approximate Methcd of Com-
puting Aerodynamic Cheracteristics of Cascades of Aixrfoils.)

An spproximate method of calculating the potential flow at smell incidence an-
gles past a cascade of thin low-cambered alrfolls is based on a theory of slightly
nonuniform flow past iscleted alrfoils.

3. Pexrari, Cerlo: Sulla determinazione del profilo 'ottimo' per le pale deli com-
pressorl asslali. Rend. dell'Accad. Nazionale del Lincel, t. 2, May 1947,
pp. 576-586. (On the Determination of the 'Best' Profile of Blades for Axial
Cowpressors. )

A transformation wmethod 18 developed to determine the aerodynamlc characteris-
tlcs of thin low-cambered airfolls in frictionless flow and 1s restricted to compres-
sors with small preasure rises. The criteria for the ‘best'! profile are hased on
requlrements of uniform pressure distributlon and flow-separation avoidance.

4. Goldstein, S.: Approximate Two-DMmensional Airfoil Theory. Pt. I - Velocity
Distributions for Symmetrical Aerofolls. C.P. No. 68, British A.R.C. - Pt. IT -~
Velocity Distributions for Cambered Aerofcils. C.P. No. 63, British A.R.C. -
Goldstelin, S., and Richards, B. J.: Pt. IIT - Approximate Designse of Symmetri-
cael Alrfoils for Specified Pressure Idistributions. C.P. No. 70, British A.R.C. -
Pt, IV - The Design of Centre ILines. C.P. No. 71, Britlsh A.R.C. - Pt. V ~
The Posltlons of Meximum Velocity end Theoretical Cp, Ranges. C.P. Fo. 72,

British A.R.C. - Goldstein, S., and Preston, J. F.: Pt. VI - Aerofolls with
Hinged Flaps. C.P. No. 75, British A.R.C.

This series of reports presents a good development of both direct and inverse
two-dimensional alrfoll theorles.

5. Richter, W.: Bindimensionale stationare Gleichdruckstromung in bewegten Systemen.
Ing.-Archiv, Bd. XVI, Heft 5/6, 1948, pp. 422-445. (One-Dimensional Stationary
Flow st Constant Préssure in Moving Systems.)

One-dimensional compressible flow 18 investigated along a curve in a plane, a
cylindrical surface, and & surface of. revolution, wlth body force asnd constant static
pressure. The plane can wove with constant velocity in its own plane or can rotate
sbout an axis perpendiculasr to the plane. The cylindrical surface can have motions
parellel with its generstor, and the surface of revolution can move along or rotate
around its axis. All the problems are shown to reduce to linear motion in a plane;
thus, the fluld paths (corresponding to "blade shepe” in a compressor) can be calcu-
lated. Analytical and graphical solutions are glven.
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6. Richter, W.: Uber eine Formel fiur GleichdruckgeblsSe. Ing.-Archiv, Bd. XVIT,
Heft 1/2, 1949, pp. 88-93. (0n e Formule for Axial Flow Compressors with Uni-
form Pressure.s

A one-dimensional analysis is presented of the flow through s compressor stage
having constant static pressure through the rotor. The pressure i1s malntained con-
stant by providing suiteble decrease of the free cross-sectional srea through the
rotor. A relation is derived between the blade tangent- and crosgs-sectionazl area
that relates blade curvature and curvaeture of the hub or outer casing and results in
information on possible combinatlons of hub or outer-cesing configurations for given
tangential turning.

The one-dimensionel theory neglects the influence of centrifugel forces on the
flow due to curvature of the hub or casing, and also the effects of the tangentisl
velocity components on radial distribution of velocity and static pressure,

This work follows survey 243.

7. Vazsonyl, Andrew: Orn the Aerodynemic Design of Axlal-Flow Compressors and Tur-
bines. Jour. Appl. Mech., vol. 15, no. 1, Mar. 1948, pp. 53-64.

A method for the theoreticel flow of a perfect incompressible fluid through a
cascade of arblitrary blades 1s presented. The I1ift coefficlent can be determined as
e function of angle of atteck in 10 hours by a graphical procedure. By an extension
of this method, the pressure and Vvelocity distributions of a cascade of airxrfoils can
be found for an entire range of solidlties and staggers in spproximately 60 man-hours.

8. Meyer, Rudolph: A Ceneral Method for the Computation of the Compressible Flow in
Turbo Machines of Prescribed Boundarles and Blades. Nav. Res. ProJj. 24748,
Dept. Aero., U.S. Neval Postgraduate School. (Annapolis), Feb. 1949.

A general method is developed for computing the ilsentroplc steady compressible
flow with subsonic relative velocitles through statlonsry and rotating blade rows.
Axisymmetric flow and thin blaedes are assumed, and the flow boundaries are coaxlal
surfaces of revolution. A grephlcal soclution with use of successive approximations
is presented. ) : :

The method, which is dlrected specifically toward solution of flows with large
radlel-velocity components, as in centrifugsl compressors, is intended to analyze
the flows within the passages, not just &t the inlet and extt sections. Using "tech-
nlcally feesible” contours to Find the flows (by use of meridional streamline curva-
tures) and indiceting possible improvements of the blede shapes and conbtours are two
of the objectives.

9. Monroe, Gerald Morgen: A Study of Compressible Perfect Fluld Motion in Turbo-
machines with Infinitely Meny Blades. Ph.D. Thesis, C.I.T., 1951.

Three-dimensional nonviscous but compressible flow past an infinite number of
blades of arbitresry shape 1is studied. Large axlel- and radial-velocity components
are a2dmlitted to be possible. The infinitely many bledes ere represented by a '‘pseudo-
conservative” force field, which is expressed as the product of two functions. One
function expresses the rate at which energy is imparted to the fluid; the other is
a potential function for the family of equations for the blade surfaces.

The idealized flow problem is formulated iln terms of & stream functlon for veloc-
ities in the meridional plane, and & nonlinear differential equation results. The
nonlinear actlon of rotational forces end compressibllity effects ls considered &8 a
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force displacing the stream surfaces from their position in irrctationsl incompressi-
ble flows. The character of the differential equations is determined by the rela-
tive velocltles when the blades are present, and the merldlonsl velocities when
blades are not present. The solution 1s accomplished by use of relaxatlon procedures
and an iteration process.

At transonic speeds a "cushloning effect” is found, where deflection of the
streamlines 1s less than at either subsonic or supersonic speeds. This may explain
in part the h:!.gl efficiencies obtained. for compressors with supersonic relative tip
velocities. - -

10. Relssner, Hans: Blade Systems of Circular Arrangement in Steady, Compressible
Flow. Studies and Essays. R. Courant Anniversary Vol., Interscience Pub., Inc.,
1948, pp. 307-327.

A solution is presented to the complete inverse (blade-design) problem, in which
no blade shapes or wall geometry are specified in advence. The method provides a
first step in extendling the solution from the infinlte to the finite number of blades
by use of s power serles in the circumferentlal direction. The compresslion ratio,
the form of the alrfoils, and the flow around the blades can be defermined if a pre-
seribed variation of static pressure over every blade section and of the axial-
veloclity components along the machine exis is glven.

The infinite number of blades (exisymmetric) solution is obtained first by quaed-
ratures for potential and nonpotential motion by use of Euler's continulty and energy
equations. In the solution for finite number of blades with fixed spacing, it is
first assumed that the stresmline surface halfway between the bledes 18 the same &b
in the axisymmetric case. Correctlve terms for the nonsymmetric flow within the space
between two adjacent blades are expanded in a power Beries in ¥, the anguler dis-
tance from the streamline surfaces. Recurrence formulss for the corrective terms
are derived. These corrective terms are sdded to the uniform flow obtalned in the
solution for infinlte number of biades. The solution is simple if only those terms
are kept which are linear in ¥, thus corresponding to lineer pressure variation
ecross the passage.

In the inverse problem for nonviscous flows, where the blade shape 1s to be
determined, it is necessary to prescribe the components of the force fleld or emergy
distribution so that the force field will be perpendicular to the famlily of possible
blade surfaces. This condition, as was pointed out much earlier by Bauersfeld, is
necessary to ensure exlstence of the famlly of surfaces (ef. sm'vey 98). However,
this condition is not satisfied in the present psper.

11. Reilssner, H. J., and Meyerhoff, L.: Analyeis of an Axlal Compressor Stege with
Infinitesimal and Finite Blade Spacing. NACA TN 2493, 19531.

The analysls for axisymmetric Inflinite number of blades is extended to a solu-
tion for finite number of blades with fixed spacing, which relntrcduces the deriva-
tives with respect to the circumferential angle coordinate. The Isentropic axdl-
symmetric solution is taken es a first spproximation. The effect of the blade sygtem
is replaced by a force field uniform in the circumferential directlon, as is stand-
ard practice in this solutlon. The force fleld irn turn is replaced for the fipite-
spacing case by inertia and pressure terms, which are correction terms for the flow

variables in the axisymmetric solution.

In order to determine these correctlion terms, & series development is used for
the velocity components and pressure functions in terme of powers of the spacing
paremeter ¥. One set of streamlines is assumed unchanged, thet 1s, "frozen," and
all the other stresmlines must shift as the uniform force field is removed. The

1L
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changes in the flow varlables, made by the correction terms, are assumed small enough
that the powers higher than the first and products of these terms, along with thelr
derivatives, may be neglected. Equations of first, second, and higher arder are ob-
tained for veloclty and pressure veriations, and solutions ere effected by means of
en lteretion process.

12. Relssner, H. J., Meyerhoff, L., and Bloom, Martin: Two-Dimensionsal, Steady Non-
viscous and Viscous Compressible Flow Through a System of Equlidistant Blades.
NACA TN 2718, 1852.

As in survey 11, the flow through a cascade of blades with fixed spacing is
found. Here, however, the flow is merely assumed nonviscous instead of lsentropic
as in the previous report. The flow for the infinite number of close blades, in
which the blade action is expressed by a contlnuous force fleld, must be found. Then,
the force field between the blades must be repleaced by inertia a.nd. pressure terms that
hed previously been omitted. A mumerical exemple is given for 90° turning.

In an appendix, the vlscous-flow case for blades with finite but narrow spacing
1s presented. This method is & generalizetion of the procedure for both nonviscous
end isentroplc flow. However, the boundary condition of closure of the blade sur-
faces at the leading and trailing edges is not satisfied.

15. Wu, Chung-Hua, and Brown, Curtis A.: A Theory of Direct and inverse Problems of
Compressalible Flow Past Cascades of Arbitrary Alrfolls. Jour. Aero. Scl., vol.
19, no. 3, Mar. 1952, pp. 183-196.

A unified approach to both the direct and inverse problems of compressible two-
dimensional flow past a cascade of arbitrary alrfolls is presented. The method 1s
based on the correspondence in shapes between the hlade mean line and the mean
streamline in the channel and also on the observed close relatlon between varlations
in chennel width and specific mass flow along the mean streamline.

The inlet and exit angles, blade thickness distribution, and either a desired
blede mean line or the mean streamline shape are assumed known. The flow along the
mesn streamline is determined from these, and the solutlon is exbtended in the pitch
dlrection by a Taylor serles expansion cbtained from the equatlons of contlnulty and
motion.

In the inverse problem, the blade boundaries are determined by conmeldering the
mess flow at the lnlet and interpreting the starting mean streamline as dividing the
mass flow variously into two different portions. A rnumber of profiles is thus ob-
teined, and the profile with the best velocity distribution is chosen.

In the direct problem, a quick approximate solution followlng a similear expan-
sion process is presented first. Successive corrections are spplied for the shape
of the flow path along the mean streamline untll the deslred velocity distribution
is obtalned. The process 1s descrlibed &8 quick and likely to be progressively
speeded up as more famllies of alrfolls are deslgned that provide additional back-
ground informetion. The wmethod is recommended as a good first epproximation for
more accurate solutions by other longer methods. Examples calculated for turbine
blades glve favoraeble comparisons wlth experimental deta.

14. Wu, Chung-Hue, and Brown, Curtis A.: Method of Analysis for Compressible Flow
Past Arbitrary Turbomachine Blades on General Surfa.ces of Revolutlon. NACA
TR 2407, 195].

This one-dimensional analysis cbtains a solution for the nonviscous compressible
flow past turbomechine blades on & general surface of revolution. The analysis can
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be used to obtain the shape of a mean streamline and the specific mass flow along 1t
as ? first step in a more complicated three-dimensional design procedure (see survey
103). :

The solution beging with a stream surface of revolution known from an earlier
analysis or an assumed shape. The equations of continuity and motion are combined
into a nonlinear second-order differentisl egquation in terms of a stream function
defined for the flow. The differential equation is solved by difference methods.
The use of fourth-degree Lagrangian polynominals and differentistion coefficlents
(survey 22) is recommended. The particular numerical procedures developed are used
because the changes in the fluld properties passing through the turbomachine blades
ere, in general, large, and the shapes of the blades and surfaces asre arbitrary.
The methods of survey 22, which provide coefficlents for differencing procedures for
unequally spaced polnts, are ueed because of the curved bounderies. The large num-
ber of polnts needed meke adviseble the adoption of the higher-degree polynominal
representation for large-scale digltal-machine solution, if avellaeble. The methods
ofsolution suggested and compared include sclutions by a matrix method with large-
scale digital-machine computation and a relaxation method for hand-operated desk-
machine computations.

For numerical exesmples, the detailed flow variabions in a highly cambered thick
turbine blade configuration are cbtained, with the following resuits: (1) The mean
streamline shape aspproximates that of the mean channel line but has lower curvature.
(2) Variation of the ratio of specific mass flow along the mean streamline to the
inlet value follows roughly the variation of pitch to channel-width ratio. For the
cases calculsted, the blade curvature and thickness increased the specific mass flow
along the mean streemline an average of 4 percent more than the aree reductlion due
to blade-thickness effects. The influence of blade thickness extended a short dls-
tance upstream and downstream of the chamnnel. (3) Variations in fluid properties
across the channel can be represented feirly accurately by secound-degree functlons.
(4) The veloclty distributions cbtained around the blade compare well with experi-
mentel data. (5) Use of the method enables evalustion of & correction factor for
blade thickness (see survey 34). '

15. Wu, Chung-Hue, and Brown, Curtis A.: A Method of Designing Turbomachine Blades

with a Desireble Thickness Distribution for Compressible Flow Along an Arbiltrary

Stream Filament of Revolution. NACA TN 2455, 1851.

A rapld solution is given of the blade-profile design problem for steady two-
dimensional compressible nonviscous subsonlc potential flow, glven the inlet and
exlt angles and certain geometric Iimitations, such as blade thickness. The report
follows Betz, A., and Pliigge-Iotz, I.: Deslgn of Centrifugel Impeller Blades,

NACA ™ 902, 1839, and extends the solution of survey 14 fo more general flow sur-
faces, taking into account the normal distances between the streasm surfaces of revo-
lution used.

As in survey 14, the velocity components and density are computed along an as-
sumed meen streamline. The power-series expansion in the circumferential direction
is made. Derivatives in the serles are determined from the fluld state along the
mean streamline from the contimuity equation, the equations of motlon, and the
density-velocity relation for isentropic flow. Assuming different mean streamlines
leads to different blede shapes. The repid solutions were cerried out by hand-
operated desk computing machines in 16 hours. The speed of the method ensbles &
choice of blade designs besed, for example, on the most deslrable veloclty distri-
butions on the blades &btained. '

3688
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The more genersl nature of the flow surfaces permlited by this method ensbles
use of the method for radiel- and mixed-flow turbomachines, as well as for exial-
flow cases. Some of the effects of three-dimensional flow can be accounted for in
the design, because the variation in normal distance between the stream filaments
of revolution 1s included in the methed.

16. Wu, Chung-Hus, and Costilow, Eleanor L.: A Method of Solving the Direct and
Inverse Problem of Supersonic Flow Along Arbitrary Stream Fillaments of Revolu-
tion in Turbomachines. NACA TN 2492, 1951.

This method was developed to find, for supersonilic relative velocities, (1)} the
shape of the mean stresm surface dividing the mass flow between two blades Into equal
parts circumferentielly, end (2) the correction factor b for blade thickness.

These are used in conjunctlon with more elsborate flow theories for turbomachines
(see survey 34). This method ensblés both the determination of the supersonic flow
along stream surfaces of revolution for arbitrary blade shapes (the direct problem)
and the design of such blades for prescribed velocity distribution or turning (the
inverse problem).

The steady nonviscous supersonlc flow slong a stream fllament of revolution of
varying thickness is described by combining the continuity equation and the equation
of motion in the clrcumferentiel direction in terms of & stream function. The deriv-
atives are evaluasted, and the flow equations are expressed in difference form along
the two families of characteristic curves. )

For the direct problem, the blade-to-blade flow veristions for a glven arbitrary
supersonic stream filement of revolution are analyzed by succesgive calculetions be-
tween the present calculation method and the through-flow solutions (see survey 34)
until the solutlons converge. " The stream filament of revolution configuration is ob-
tained from the through-flow solution. The shspe of the mean stream surface and a
blade thickness factor required for the through-flow caslculations are provided to
account for blade thickness and curvature effects.

Several illustrative examples ere calculated. For the supersonic flows in
nearly typical compressor configurations -~ that 1s, high solidity and thin blades -
the mean streamline had lower curvature than the mean channel line {(as in the sub-
sonic case) but conformed closely to it. For thicker lower-solidity blades, the
deviation of the mean stresmline from the mean channel line was grester. The spe-
cific mess flow along the mean stresmline increased on the average 9 percent more
than enticipated from a one-dimensional analysis based on area reduction due to blade
thickness for both thin end thick blades. This increase is more then twice the value
obtained for the subsonic csse (survey 14). In an analysis of symmetrical nozzles
with no turning, the specific mass flow along the mean streamline for supersonic flow
increased 8 percent over that anticipated from the one-dimensionsal analysis.

17. Wu, Chung-Huas, Brown, Curtis A., and Prian, Vasily D.: An Approximate Method of
Determining the Subsonic Flow in an Arbitrary Streaem Filement of Revolution Cut
by Arbitrary Turbomachine Blades. NACA TR 2702, 1952.

As a first step in the more general three-dimensional compressor design theory
(survey 103), a quick approximate solution for the subsonic nonviscous flow past
arbitrary turbomachine blades on arbitrary surfaces of revolution 1s presented. It
is an extension of the two-dimensional solution of survey 15 to arbitrary surfaces
of revalution. The first part of the calculation proceeds exactly as in survey 15;
that is, the fluild properties in the circumferentisl direction are obtained by a Tay-
lor series expansion. At this point, with the blade shepes given, the mass flows be-
tween the two blade surfaces and the chosen streamline can be computed. The relative
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percentages of mass flow on elther side of the streamline are compared with known
inlet conditions et various positions along the streamline, and the essumed shape of
the streamline snd the specific mass flow along it sre adjusted. This process wes
completed in sbout 16 hours in several numericasl exsmples, and the results compared
favorably with other mumerical and experimental results.

18. KreJjewski, Bohdan: Ansalize przeptywu w kanatach sprezarek ocslowych wlelostop-
nlowych. Tech. Iotnleza, vol. 7, no. 2, Ma.r./Apr. 1952, pp. 44-47. (Anelysis
ofFlow in Ducts of Multistage Axisl Compressors.)

Kérmén's method is described and applied to caJ.cula.tions of shapes and dimen-
slons of ductes in multistage exial-flow compressors. - -

19. Spannheke, W.: Vortex Theory of Flow Through Turbomechines. Pt. I - Infinite
Number of Blades. ~Final Rep., Office Naval Res., Washington (D.C.). (Contract
Nonr 322(00), Proj. No. 6008 and Tllinpis Inst. Tech.)

The axisymmetric theoary of flow through compressors with an Infinite number of
thin close bledes is given using the bound vortex concept—and 1s extended to include
compressihle flows. Both analytical and graphicel methods of solution are indlcated,
and illustrative examples are discussed.

20. Betz, A.: Energieumsetzung elastischer Gase In Schaufelgittern. Forsch. Geb.
Ing.-Wes., Bd. 18, Nr. 3, 1952, pp. 6§1-71. (Energy Conversion of Compressible
Gases In Cascades.)

A slmple grephical method 1s presented for calculating the changes in fluid
properties for compressible flow through stralght or circular cascades. Curves for
use in the solutions are presented for cases of Y = 1.4 and y = 1.3. From thesde
curves, limiting flow conditions are readlly appsrent. The method includes, spprox-
imately, the effects of nonparallel walls, blade thlcknese and motion, fluid losses,

and internsal temperature rise due to viscous action.

21. Bchwear, P.: Quelques Remarques sur Le Calcul Aéro-Themodynamique de L'Aubage
des Turbomachines Axlales. Bull. Tech. de la Suisse Romande, t. 78, no, 18,
Sept. 20, 1952, pp. 245~251. (Some Remarke on the Aerothermodynamic Calcula-
tion of Blades in Axial Turbomachines.)

In the later stages of & compressor the actual velocity profiles are likely to
be quite different from the assumed veloecity profiles, thus resulting in excessive
losses. More complete information ie required sbout the fluid coming from a stator
or & rotor for accurate blade-shape design for such conditions. A ealculation method
for axisymmetric flow based on thermodynamic relations is provided to account for
radial distri'butions of energy and efficiency end for the radial displa.cement. of the
streamlines. -

The solutlon 1s obtained by an iteration process which ls lgborious but amenable
to considersble simplificatlion if the flrst trial shows the radigl displacement to be
small.

According to the author, the polytroplc efficiency of turbines is lower than for
compressors because the typleal turbine design neglects radial displacement.

22. Wu, Chung-Hua: Formles and Tebles of Coefficilents for Numerical Differentliation
with Function Values Given at Unequally Spaced Polnts and Application to Solu-
tion of Partial Differentlsl Equatlong. NACA TN 2214, 1950.
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Arnalyses of the flows through typical turbomachine configurations often lesd
to relations expressed in pertisl differential equations. These eguations may then
be expressed in difference form, and the computations proceed numericelly, for exam-
ple, by relsxation methods. The presence of the curved boundaries in the turbo-
machine configurations mekes 1t important to find the derivatives of the functions
near the boundaries In terms of the velues of the functions at unequally spaced in-
tervals. In the present report, such genersl differentistion formulass are cbtained
for the successive derivatives of a function in terms of the values of the function
at unequelly spaced intervels. Legrange's interpoletion formula, with error terms,
is used for the function at n polints to obtain expressions for the successive
derivetives. In typical flow problems, the grid near a curved boundary mey have
unequally spaced polnts at only one end of the interval used. For these commonly
occurring cases, tables of coefficients for the first four derivatives (for cases of
n =3, 4, 5) in the formlas are given for Iintervels of 0.0l, and for different
ratios of this end spacing to the others, varying from 0.1 to 1.29.

The formules and coefflcients obtalned can be used to give approximate values
of the various derivatives at any point within a range of glven arguments when the
values of the function are given &t a nmumber of points unequelly speced. Thus, the
formulas end coefficlents are useful for the numericsl Integration of the pertial-
differentlial equablions where, for example, the starting value is given only on a
curve unequally spaced from a regulsr grlid lipe. They would also prove useful in
changing an interval slze during calculetions. In the mumericael solution of an
elliptic partial-differential equation, these formulas and coefficlents can be em~-
ployed to express the finite-difference terms for very small intervals more accu-
rately and conveniently &t polnts near a curved boundary, and to allow for increes-
ing grid size awesy from the boundary. In this fashion, these coefficlients help make
the solution of such problems practical on large-scale diglital computers.

The formulas and coefflclents are applied to the compressible flow past 1solated
and cascade airfoils as an exafple.

B. PSINGLE-STAGE AND MULTISTAGE COMPRESSORS

23. Traupel, Welter (C. W. Smith, trans.): XNew General Theory of Multistage Axial
Flow Turbomachines. Navships 250-445-1, Ravy Dept., Washington (D.C.).

This report is esn early exposition of the axisymmetric-flow theory in turbo-
machines. The first five chapters present a complete workable axisymmetric design
theory for exial-flow compressors end turblues, end the last chapter consliders more
general problems. ‘ .

The nonviscous flow theory 1s presented for infinite number of blades with con-
stant energy addition radially and with cylindrical walls. Radial force and other
momentum terms are neglected. The measurements required for the calculation of stage
performance and charsascteristics and coefficlents for steady flow in the main stream
gre also disecussed. Flow near the wells is not considered. Rumerical exemples are
given. The problem of calculating stage performance and characterlistice on the basis
of cascade tests is studied. The discussion conslders the errors inveolved in calcu-
lating the work output and efficiency of a stage on the basis of cascade tests as
well es the errors involved in the assumption of nonviscous flow. Ioss coefficients
are developed end related to efficiency, which is expressed ss a functlon of the
dreg-lift ratio, clearance losses, and wall losses. The design calculations are ex-
tended to mmltistege turbomachines, and mumericel exsmples are provided. The three-
dimensional effects, which arise as & result of radiel variation in blede shape,
from inclined blades, and from compressible flow, are considered. '
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24. Pabst, O.: Application of the Calculation Methods Used for Single Stage Axial

Blowers to Multi-Stage Blowers. G.D.V. Rep. FKo. 4; RTP/TIB Trans. No. GDC
16/18T, British M.0.B.

The single-stage theory of survey 1 18 epplied to miltistage units. The occur-
rence of-radial veloelties, the relations between stage and multistage efficiency,
and the decrease in total efficlency as the pressure ratio increases are discussed.
The optimm value is found when the pressure rise 1s the same in rotor and stator.

25. Pgbst, O.: Theoretlsche Vorarbeiten fuxr die Entwicklung von Achsialgeblasen mit
hoher Druckzlffer. GDV~BR-5, Focke-Wulf Flugzeugbaun G.m.b.H., Aug. 1941.
(Theoretical Preliminary Work for the Development of High Pressure Axial Com-~
pressors. Trans. By Beech Alrcreft Corp., 1947.)

Equations are derived for pressure coefficients with efficlency asnd rotor-flow-
stability as criteria. The calculations indicate Mach number effecta on the obtain-
gble pressure rises. Axisl-flow compressor design is affected by three main factors:
(1) Pressure rises are limited by the flow stebility mainly because of the hub design
conditions and the effects of stator reaction. _(2) Rotor efficiency considerations
limlt pressure lncreases. (3) Compressaibility effects menifest them.sel\rea through
the cholce required of pressure coefficient and filow velocities. )

26. Eckert, Bruno, and Group: Mimutes of Axial Flow Compressor Meeting of 26 June
on German Articles. Code 445A, Navy Dept., Bur. Ships, Weshington (D.C.),
18486, L

Among the items, covered asre characteristic mumbers for compressor performance,
nomenclature, losses, deslign bases, choice of stage pressure ccefficlents, influence

of blade shape and camber, blede stagger and shape required for the velocity diagrems,

use of cascade tests and single-stage tests for determining the preceding, stage
matching, supersonic compressors, end correlstions between the performance and design
features of verlous German axisl-flaow compressors. A summary of survey 23 and
Weinig's flow theory are presented. : .

27. Wattendorf, Frank L.: Theory and Deslign of Axial Flow Fans or Compressore.
Tech. Rep. No. 5155, Army Air Forces, Wright Field, Deyton (Ohio), Oct. 16,
1944, (Notes taken by Hugh E. Gommel.)

A good review of blade-element theory snd design development for perfect flow
is presented, and axlal-flow compressor problems a.‘nd methods for :anrea.sing compres-
sor performance are discussed in detsil.

Blade~element theory is compared for compréessible and incompressible flows for
low-solidity blade rows, JIosses and loss egstimates sre discussed in terms of such
factors as blade losses and profile drag, tip clearance, duct entrance losses, dif-
fusion, and residual rotation. Stage pressure-rige and Mach number limitations are
consldered, and the following means for lncreasing stage pressure rise are investi-’
gated: increasing the lift coefflecient by means, for example, of boundary-layer
control, slots, flaps, and so forth, and using higher speeds, higher inlet Mech num-
bers, and closer spaced blades. o _ )

The second portion of the report deals with higher-sclidity cascades, including
higher values of chord to spacing than are possible to study by elementary airfoll
analysis methods. The relations between pressure and mass-flow requirements of a
system are discussed in terms of radial variatioms of pressure and flow coefficilents,
power characteristics, blade-shape design, surge points, compressibility effects, and
choking limits.

3606

I»

xt



989¢

ik

CP-2 back

NACA RM E55H1L ) 11

28. Wattendorf, Frank L.: High-Speed Flow Through Cenbered Rotating Grids. Jour.
Aero. Seil., vol. 15, no. 4, Apr. 1948, pp. 243-247.

High-speed adigbaetic compressihle flow through & cascade of rotating bledes is
analyzed In a one-dimensionsal approximation using average channel values. The over-
all performence is investigeted for several cases: (1) subsonic flow everywhere,

(2) supersonic flow in downstream stator, (3) supersonic flow in rotor and stator but
subsonic axisl flow, and (4) supersonic flow throughout.

The results of the analysis indicete thet large compression ratios are theoret-
iecally possible. By the use of highly cambered blades, the stege pressure ratio can
be increased consldersbly, but probably at the expense of reduced efficlencies.

29. Wattendorf, Frark L.: Axlal Compressors - Simpllified Design Comparlsons with
Regerd to High Msss Flow. AF Tech. Rep. No. 6042, U.S8. Air Force, Air Materiel
Commend, Wright-Patterson Alr Force Base Dayton (Ohio), Sept. 1950. (See &lso
Jour. Aero. Sei., vol. 18, no. 7, July 1951, pp. 447-459.)

The investigation arrives at design conditlions permitting attainment of high
mess flows. Four design types are compared: (1) free-vortex distribution with posi-
tive and negstive prerotation, (2) rigld body veloclty distribution with positive
prerotation, (3) meximum constant rotor work with no prerotation speclfications, and
(¢) nonconstant work radislly. The inlet stage is the only stage consldered, becsuse
it 1limits mass flow at deslgn condition. The lib-tip radius ratio and asxisl Mach
nuwber effects on the mass flow end tempersture rise, with assumed lImitetions on the
relative and sbsolute Mach numbers sre dlscussed, as well as the relation of the stage
presgure ratioc and temperature rise for the various designs.

The following results are obtained: (1) Free-vortex flow with positive prerota-
tion design is not suiteble for high mass flow and stage pressure ratio; (2) free-
vortex flow distribution wlth negetive prerotation is suiteble for high mass flows
but results in low stage pressure ratios; (3} rigld body veloeity distribution with
positive prerotation yields higher pressure ratlios than the free-vortex deslgn for
the usual mass-flow range; and (4) the radially nonconstant work design is capable
of providing high stage pressure retioe up to extremely high mass-flow rates.

30. Davis, Hunt: A New Method for the Aerodynemic Design of Multistage Axial-~-Flow
Compressors. Jour. Aero. Sci., vol. 15, no. 1, Jan. 1948, pp. 41-48.

A graphical method described herein for the determination of blade angles for
an axisl-flow compressor of free-vortex design utilizes the seme rotor and stator
forms for several successive steges by merely chenging the spsclng end the root
stagger angle. The optimmm Inlet Mach number for the first stages of an axial-flow
compressor of free-vortex design 1s derived and is related to the given inlet con-
ditions, dimensions, and tlp speeds.

31l. Howell, A. R.: Fluid Dynamics of Axlsl Compressors. War Emergency Issue No. 12
pub. by Inst. Mech. Eng. (London), 1945. (Reprinted in U.S. by A.S8.M.E., Jan.
1947, pp. 441-452.)

A simple two-dimensional-~-fluld dynsmic theory for low-speed flows in compressor
cescades 1s based on two-dimensional wind-tunnel tests. Correction factors are ap-
plied for losses and for mesn stage conditions in compressors. The discussion In-
cludes compresslon, efflclency, flow characteristics, and blade-element performance.
A compressor-performance anslysis and a numerical exsmple of stage performance are
given. The three-dimensional effects that occur in the two-dimenslonsel-cascade
tunnel are shown. :
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52. Emmons, Howard W., and Baell, George A.: The Present Status of Axial Flow Com-
pressor Design. NAW-3662, Hervard Univ., 1947.

The actual flow through an axlal-compressor is not obtainable from theoretical
solutions, although theories may predict the flows fairly well at the design point.
The theories generally fall to predict the performence of a new design over the en-
tire performance range sccurately. The report discusses the complexitles of the
flow through an axial-flow compressor and gives the results of certain investigations
and a chart of references.

Four main toplecs are Included in the first section. The first, ideal-fluid
effects, considers variocus aspects of compresslbility effects and radiasl flows and
thelr causes. The second, boundery-layer effects, discusses brlefly the various
loss coefficlents used 1n deslign, the limlted spplicebility of single airfoll and
cascade tests, and the need for more detelled boundary-layer data from compressors
themselves. The third maln subject 1s secondary flow, which is caused by blade tip
leakage, relative motion between blade tips and caslung, flow turning, and radial
flow in blade boundary leyers. The fourth real-flow complication discussed concerns
blade-row interaction effects, in particular, the timewlse variestion of the flow en-
countered by a rotor blade downstream of a stator row. Flow veloelty varies In both
magnitude and direction because of the stator-wake effects.

33. Wu, Chung-Hue, and Wolfensteln, Lincoln: AppIlicgtion of Radlal-Equilibrium Con-
dition to Axlal-Flow Compressor and Turbine Deslign. NACA Rep. 955, 1950.
(Supersedes NACA TN 1795.)

In this first of a series of reports dealing with lncreasingly inclusive and
complex design procedures, the general equations for three-dimensionel flow in axial-
flow turbomachines are derived in terms of the veloclty, total enthalpy, and entropy
from the equation of state, the Navier-Stockes equatione of motion for a real fluid,
the energy equation, and the contimuity equation. These equations are combined into
a series of genersl flow equations which are reduced for the steady-flow exisymmetric
case by neglecting viscosity and by assuming sll partial derlvatives of the gas prop-
erties, with respect to the circumferential direction and time, to be zero. The
common assumptlon ofslimplified radial equillibrium is not maede In this report.

The analysls Indicates that six independent relations are available among eight
independent varisbles. The desligner thus hgs two degrees of freedom at his disposal;
that 18, he can specify a desireble variation of two of the gas properties. This is
done, generally, at statlons between the blede rows. Beveral types of compressors
that can be obteined by different ways of using these degrees of freedom are
discussed.

The assumption of axlsymmetric flow averages out clrcumferentisl variations of
the fluid properties; thus, by not essuming simplified radial equilibrium, the sglu-
tione obtained emphasize the effects of radial motion of the geses and the radial dis-
tribution of the gas properties through the turbomachine. Ro analytical solutions
are presented, but several numerical methods of solutlon esre suggested. One method,
in particular, assumes a sinusoidal radieli-flow path between statiouns,

The results of this analysis- indicate that the radial motion depends upon the
blade aspect rstio, pessage taper, hub-tip radius ratio, main flow velocity, and
velocity diagram. The analysis glves useful information concerning the flow within
the blade rows themselves, rather than the flows outside the blede rows.

34. Wu, Chung-Hua: General Through-Flow Theory of Fluid Flow with Subseonic or Super-
sonic Velocity in Turbomechines of Arbltrary Hub and Caslng Shapes. NACA TN
2302, 1951.
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The general through-flow theory is an extenslon of survey 33. The line of in-
vestlgetion can be traced from survey 23, concerning the incompressible simplified-
redial-equilibrium, axisymmetric-flow solutlon, to survey 33, concerning the com-
pressible nonsimplified-radial-eguilibrium flow solution, to survey 10, which
presents a blade design solution for compressible flow with arbitrary hub and casing
walls end finite spacing, to the present report. In this report a unified theory,
for both the direct and Inverse problems, 1s developed for compressible subsonic or
supersonic velocities with arbiltrary hub end wall shapes wilth epproximate correction
factors for blade-thickness effects.

The through-flow theory considers the flow along an erbitrary surface. A prin-
cipal equation for this flow is developed from the contimuity eguation and the equa~
tion of motion in the radial direction, and by use of a streem function. (Reteining
the blade force terms in the equations of motlon partially accounts for the circum-
ferential varistions of pressure.) Two mein groups of desligns are considered: (1)
free vortex, wheel, symmetrical-velocity diegram types, and others, and (2) radial-
blade-~element- configurations such as high-speed centrifugal and mixed~flow impellers,
and others. Numerical methods are presented for solving the principal equation for
both the elliptic and hyperbolic cases, corresponding roughly to subsonie and super-
sonic flows, respectively.

An approximete blade~thickness factor can be Included in the definition of the
stream function. Analyses of the blade-thickness effects on flow along the mean
streamline asre presented for subsonlc compressible end incompressible flows in survey
14 and for supersonic flows in survey 16.

The through-flow solution (survey 34) can be considered as a limiting case for
a more general three-dimensionel solution, such as 1s presented In survey 103. It
can be regarded as the solution for the flow along & mean siream surface (celled
"Ss surface" in survey 103) dividing the mass Flow between adjacent blades equelly,
when the circumferential variation of the veloclity components approaches 'zero. Thus,
the through-flow solutlon indicates trends when the effects of having & finite num-
ber of blades are small or constant. In this connectlon, the use of a blade-
thickness factor, based on Information sbout blede-thickness effects as obtained in
surveys 14 and 16, should improve the solutlons considerably.

35. Wu, Chung-Hua, Brown, Curtis A., end Costilow, Eleanor L.: Anslysis of Flow in
& Subsonic Mixed-Flow Impeller. NKACA TN 2749, 1952.

A through~flow analysis (survey 34) is made of three flow conditions through a
high-solidity mixed-flow impeller. The results are used to evaluate the usefulness
of the general method of through-flow anelysis for turbomaschines as well ss the use-
fulness of incompressible solutlons. To do so, both the incompressible and the com-
pressible nonviscous-fluld flows through the lmpeller are analyzed. The results of
the snalysis are presented as contour plots of a stream function, the velocity com-
poneunts, total enthalpy, static pressure, and Mach number.

The results indicate that the general through-flow method can be useful in
anslyzing the mean flow through a turbomachine. The trend of flow variation was
found to be similar for compressible and Incompresslble flow; therefore, the general
trend of compressible-flow varlations cen be determined from an incompressible solu-
tion. The varistion trend of the theoretically determined static pressures along
the casing agrees well with avalleble experimental data.
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36. Wu, Chung-Hua: Subsonic Flow of Air Through a Single~Stage and a Seven-Stage
Compressor. NACA TN 2961, 1953.

An exisymmetric-flow anglysis method which assumes a sinusoidal radial stream-
line flow path through a turbomachine blade row is developed in survey 335. Thise
analysis determines the effects of radial flow displacement in addition to the ef-
fects of flow-path curviture radially on the radial distribution of-elr state down-
stream of s blade row. The through-Flow analysis (survey 34) solves the flow for .
high~solidity thin blades &nd eccounts for blade thickness effects.’ BSurvey 103
extends the anelysis- to & three-dimensional solution for a finite number of thick
blades. The usefulness of the method of sssuming simple simisoldal radial-flow paths
is evaluated by comparisons with results obtalned from the through-flow and three-~
dimensionel analyses. The solutione are made for the steady nonviscous compressible
flow for both low- and high-speed subsonic flow through & single- and e seven-stage
compresgor designed for a symmetrical velccity dliasgram at all radii. The solutions
were obtained by relaxation procedures, ‘and some were. checked further by matrix
methods. S o

The exial-~velocity distributions obtained by the more elaborate solutlions agreed
well with the simpler approximate solution assuming simuscidal radial-flow paths.
The anelysis resulted In other conclusions, as follows: (1) The radilally increesing
angular momentum of the fluid particles for this design type and the curved hub and
wall contours have a predomingting influence on the flow distribution.- Sizsable
radinl flows are geuerated. (2) Compressibility does not greatly change the shapes
of the streamlines but does affect the velocity components. (3) A smell amount of
radial twist in this type of blading has & negligible effect on the flow distribu-
tion. (4) The alr in this case has a generally inward radial movement through the
guide vanes and the first rotor. The movement 1s outward in the first stator. (5)
This oscilllatory redisl flow throughout the compressor has a period equal to the
length of the stage. (6) The oscillatory radial flows.are largest in the inlet
stages. Assuming simple sinusoldal radisl-flow paths 1s superior to ordinary
simplified-radial~equilibrium sclutions (see survey 104).

37. Bowen, John T., Sabéersky, Rolf H., and Rennie, W. Duncan: Theoretical and Ex-
perimental Investigations of Axiel Flow Compressors, Pt. I. Mech. Eng. Leb.,
C.I.T., Jan. 1948, (Navy Contract N6-ORI-102, Task Order IV.)

This report, which 1s the first in a series (surveys 167, 201, end 85) of in-
vestigations of axial-flow turbomachines, develops a new theory of perfect fluld
flow in axisl turbomachines in a form useful for design ypurposes. This axisymmetric
flow theory, in which the exit-flow angle is used as a baslc parameter, uses a new
linearizing method tn simplify the flow equatlons. Methods are suggested for taking
advantage of unconventional blading in order to cbtain incresses in flow rate over
thaet with conventional blading.

Axisymmetric flow and cylindrical or nearly cylindrical bounding walls are as-
sumed, and radial force terms and other momentum terms are neglected. Equations
are derived for the distribution of axial velocity through the stators and rotors at
design and offf=design conditioms.

In this approach, the streamlines are designed to shift radially toward the hub
as they near the rator. Therefore, the relative veloclity decreases at the rotor tip
end increases at the hub, thus reducing both the tip Mach numbers and the deflection
angle at the hub. Consequently, the rotor tip speed can be raised or the hub-tip
radius ratio can be decreased to give & larger ammulus area. It 1s estimated that
an over-all 40- to 5Q-pé&rcent Increase in flow rate can be achieved in this way.
However, the flows can no longer be consldered by measns of two-dimensional theories.
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Vortex blading for two-dimensionel flows is compered with solid-body rotatlon
and other types of blading to determine the effects of radial variation of circula-
tion. Even for vortex-type blading, off-design conditions lead to lerge changes In
axial-velocity distribution.

An experimental compressor waes designed and built according to this theory but
for very low flow Mach numbers and tip speeds. The absolute value of the exit angle
agrees experimentally with Constant's rule (survey 134). Boundary-layer calculations
for loss on two-dimensional cascades are made and compared with losses measured on
similsr sections in the compressor-stator row. The relation between inlet and exit
sngles is almost ldentical for sections of the compressor blading and experimental
data teken from corresponding two-dimensional cascades, except near stall. High
losses are noted in the end-wall boundary-leyer reglon. The blade profiles should
be adspted to the wall boundery layer.

In general, tests on the experimental compressor designed by the method indi-
cate close agreement between theory and experiment at low flow rates and low tip
speeds. : - . - :

38. Gazarin, Adel: Graphische Behandlung der kompresslblen und inkompressiblen
Stréming durch Turbomaschinenstufen. Zurich, 1951. (Graphical Trestment of
Compressible and Incompréssible Flow Through Turbomachine Stages.)

A graphical method for solving the system of equations for axisymmeiric isen-
tropic flow between blade rows is presented. This method uses & modified radial-
equilibrium condition that ignores the curvature of the meridional streamlines.

The radial varlaetlons of velocity end density in the gap between blade rows are ob-
tained, from which the stege charecteristice and the shaepes and locations of the
meridional stresmlines are determined. These streamlines are found to have perilodic
wave shepes, with period equal to length of stage.

Four kinds of steges are exemined in detsil: (1) comstant mass flow per unit
area in plenes between blade rows and behind the stage, (2) untwisted bledes, (3)
bledes twisted for solid-body flow, and (4) constant reaction radislly. Remarks on
the influence of viscoslty, secondery flows, radial boundary-layer flow, tip-
clearsnce flow, and blede geometry are given.

39. Geimer, Robert G., and Cardinal, Saviour, Jr.: Development of & System of Si-
m:ltaneous Equations for Axial-Flow Compressor Design Based on Ideal Vortex
Theory. B.A.E. Thesis, Rensselaer Polytechnic Inst., 1951.

A derivation of a system of simultaneocus equetions is proposed as a basis for
e simplified method of axial-flow-compressor design by l1deal vortex theory. The
simtenecus equations are classjified into two groups: one to use in the design of
the inlet guide venes and the first stage, the second to design the other stages.
No solution 1s obtained because of the complexity of the equations, but a procedure
for a first approximation is suggested.

40, Seyler, D. R., and Wilson, C. B.: A Design of a Bingle Stege, Low Speed, Axial-
Flow Compressor. B.A.E. Thesls, Rensselaer Polytechnic Inst., 1951.

Design and performance 6f a low-speed single-stage axisl-flow compressor are
enelyzed, based on free-vortex flow theory. The axlal veloclty was kept constant
and the blading was designed by esirfoll theory. The compressor was designed for
the purpose of Investigating the secondary flows resulting from shed vortices.
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41. Van Allen, Richard I.: A Study of an Analytical System for the Deslgn of an .
Axiel-Flow Compregsor. Using S8imultaneous Equations. B.A.E. Thesis, Rensselser
Polytechunle Inst., 1852. T o

Following survey 35 the results of a system for the design of an exial-flow com-
pressor by means of sets of similtaneous equations are presented. These equations
take into account the effects of frictlon and compressibility on the flow through
the compressor. That the flow paths of the gas can be malntslined as predicted by
the equations, by altering the blade angle settings in such fashion as to overcome
the effects of losses, 1s a fundamental assumption in the deslgn system. Several
methods for solution of the equaetions are given.

42. Jarre, Gianni: Compressori assieli a vortice libero. Monografile S8ci. di Aero.,
Nr. 12, Sept. 1952, (Axial-Flow Compressors with Free Vortex.)

The motion of the fluild in a multlistage compressor is studied in order to
esteblish the relations among the velocity field of the fluid, the force field im-
posed by the blading, and the physical characteristics of the fluid. The rigorous
derivetion of the aerodynamic equatione essumes nonviscous aexisymmetric flow. The
conditions characterizing free-vortex axial-flow compressors are deduced. A mathe-
matical and numerical investigation of this family of compressors 1is given, and
degrees of action and reaction, apnd effects of viscosity, compressibility, and me-
chanical loads are examined.

The design of the first stages, the cheracteristics of multistage and periodilc
compressors (compressors in which the flow &t each stage exlt has velocitles equal
in magnitude and direction to those at the compressor inlet), the conditions for ~
maximm efficlency and performance, and the serodynemic characteristics of the fluld
are investigated. Numerlcal exsmples are provided.

43. Smith, L. H., Jr.: The Design of a Subsonic Multistege Axial-Flow Compressor
for Maximum Power Per Stage. M.S8. Thesis, The Johns Hopkins Univ., 1951.

Design equations for the steady compressible nonviscous axisymmetric flow of a
fluid through a multistege compressor are derived. A genersl discussion of the fac-
tors limiting the power output of a stage is followed by an analysis determining
veloclty distributions and diagrams for a multistage compressor that will maximize
the power output of the first stege (for incompressible flow here) for a glven tip
diameter and meximum flow Mach number relative to the blades. Prerotation and non-
uniform energy addition redially are found necessary. (Relative efficiencies of
various possible types of blade loadlng are not considered here. } More energy is
added nearer the tip then the hub in the first stage in order to keep the axiael-
veloeclty distribution ressonable. This can be corrected in subseguent stages so
that the final discherge flow is more nearly uniform.

The solutions thus far constitute-a first aspproximation. Graphical techniques
are employed for & second spproximation sgreeing closely with the first despite the
presence of large energy gradients and highly rotational flow. While losses due to
rotationality of the fluid are not likely to be severe, the large fluid turning
angles encountered in the later stages of this design, together with sizable veloclity
decreases, may lead to flow separstion.

44, Traugott, 8. C.: A Two-Stage Axial~-Flow Compressor with Nonunlform Energy Addi-
tion Per Stage. M.S. Thesis, The Johns Hopking Univ., 1951.
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The compressor problem of maximizing msss flow or rotor pressure, or both, is
formuleted. Considerations of restricting local relative veloclty levels to the sub-
sonlc range and maintaining radial equilibrium lead to a design with nonuniform
energy addition. The suthor's purpose is to express snd solve the eguations describ-
Ing the two-dlmenslonal approximations to the three-dimensionsl flow in forms suite-
ble for design.

The flow is assumed steady and nonviscous, with negligible compressibility ef-
fects. The curvature of the streamlines is conslidered negligible st the stations
of the investigation, end the radisl distance between the streamlines is considered
constant. While the flow is thus assumed on cylindricel stream surfaces upstream
and downstream of the blade rows, the radii of these surfaces of revolution are not
necessarily equal. The equations for the flow are developed and applied to the de-
sign of a two-stage compressor having prerotation other than the usual free-vortex
or wheel types end nonuniform energy addition in the rotors, in an effort to increese
the compressor output sbove standard design. Two independent parameters are to be
chosen initially; the prerotation and blade tlp speed are used.

The concluslons reached are as follows: High pressure ratios with high msss
flows can be achleved for compressors by considering the variations of axisl velocity.
For a two-stage compressor good through-flow wes acbually achieved at high pressure
ratios. For the particular deslgn under discussion, an increase In tip speed would.
result in less through-flow, larger blade-turning engles, and greater variation of
axial veloclity from hub to tip but with some Increase 1n power output. These re-
sults, obtained by a grsphical solution, ere not general. The effects of stresmline
curveture in the radlal plane are indicsated.

45, Smith, L. H., Jr., Traugott, S. C., and Wislicenus, G. F.: A Practical Solution
of & Three-Dimensional Flow Problem of Axiel-Flow Turbomachinery. Trans.
A.8.M.E., vol. 75, no. 5, July 1953, pp. 789-803.

A design method is presented for cbtaining a compressor which, with given Mach
nunber limitations, will produce the maximm delivery pressure with maximm mass-
flow rate possible. The method actueslly determines the meridional flow petterns
through turbomachines with nearly free-vortex flow for axisymmetric frictionless
flow. The computational procedure 1s also presented.

The development of the theory provides a clear physicel plecture of the internal
workings of en axisl-flow turbomachine, in the opinion of the reviewers, and serves
as the forerunner of a series of investigations (e.g., surveys 235 and 238).

46. Novak, R. A.: Notes on the Fundsmentals of the Deslign of Multi-Stege Axial Com-
presgors. Lecture No. 6, Gas Turbine Lectures, Dept. Mech. and Ind. Eng.,
Univ. Mich., June 28-July 10, 1953.

A broad general discussion of the over-all design of axial-fiow compressors,
touching upon nearly all aspects of the fleld with the exception of secondary flows,
i1s presented. An attempt is made to reduce compllcated derivetions to a minimum end
to present a clear physicezl picture that will ensble the designer to use his Judgment
skillfully where necessary. The malin toplics considered include ideal two-dimensionel-
flow theories, blade-element theory, equilibrlum conditlons, sample vector-dlagram
calculations, determination of the geometry asnd performance of a cascede theoretically
end semi-emplirically, Mach number and Reynolds number effects, effects of design
varisbles and operating conditions on performence, rotating stall, blade end clear-
ance, multistage-compressor performsnce, stage-stacking techniques, and over-all de-
sign procedure for a multistege compressor.
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C. EFFECTS OF STREAMLINE CURVATURE AND RADIAL VARIATION OF CIRCULATION

47. Eckert and Korbacher: The Flow Through Axial Turbine Stages of Large Radisl
Length. NACA TM 1118, 1947.

The analysis concerns uniform, nonviscous, axisymmetric flow with zero whirl
at the inlet on cylindrical surfaces. Simple radial equilibrium is likewlse assumed.
The flow through the blading is affected by spauwise variations of pressure, lmpor-
tant for long bledes. A theoretical method is developed for determining theeffects
of the pressure variation and centrifugal effects due to the whirl component of the
flow in both twisted and untwisted rotor end stator blading. Experimentally obteined
results on untwisted blades with 30° and 459 discharge angles confirm the calcula-
tions. The calculations of vorticity distribution in the fluild lead to a discuesion
of trailing-edge vortices shed from blades with e non-free-vortex circuletion dis-
tribution radlelly. The flow deflects toward the axis in nontwisted stator blades
and deflects toward the outer casing in nontwisted rotor blades.

48. Tsien, Hsue-Shen: Loss in Compressor or Turblne Due to Twisted Blades. C(IE
Jour., 1947, pp. 40-53.

Radiel flows 1A aid behind a rotating wheel result from centrifugal forces and
radial pressure gradients and can have undesirdble effects on the blade boundery
leyers. To avold these difficultles, a twist is sométimes designed into the movitig
blades or into the flow leaving the gunlde vanes. The resulting nomuniform force and
circulation distributions along the blades lead to induced velocities, which rotate
the flow arouund the blades and change the effective angle of sttack. Thus, it is’
impossible to—calculate the actual 1ift from the geometrical angle of ettack, The
result is reduced correspondeuce between the actual and deslgn performance, associ-
sted reduced pressure rises, and sc forth.

A method for calculating these effects is presented. A general blade equatlion
is developed for the relastion between the geometric configuration and the serodynemic
behavior of low-cambered blades of nearly constant chord, spacing, and lift-curve
slppe radially for two-dimensional unonviscous flow. An extension to nonuniform flow
1s presented in survey 237. :

49. Marvle, Frank E.: The Flow of a Perfect Fluid Through an Axisl-Flow Turbomechine
with Prescribed Blade Loading. Jour. Aero. Seil., vol. 15, no. 8, Aug. 1948,
PP. 4735-485.

The mathematicel agpects of the problems assoclated with spanwlse variations in
circulation sre stated. Even for nonviscous incompressible axIisymmetric flow, the
flow solution is simple only for the vortex distribution of the tangentisl velocity
component, that is, constant circuletion spanwise. For this condition, there are no
radial or axisl disturbances, and the flow can be considered two dimensional in the
sense that the. streamlines sll lle on cylindricsel surfeces. When there is varylng
circulation spanwise, the streamlines no longer follow cylindrical surfsasces. Accord-
ing to Prandtl's theory, vortices trail from the blades with theilr vorticlty vectors
pointing dowmstresm in the flow direction. The equations for this flow are now non-
linear nonhomogenecus partial-differential equations. Nevertheless, it is still '
possible to calculste ithe difference between the axial-velocity profiles far upatream
and far downstream by neglecting the radial transport of vorticity, or by assuming
the flow at those stations hae negligible radial components (cylindrical walls, see
survey 37). The problem of the velocity distributions near the blade rows 1is con-
sidered (complementsry to survey 33, which considers the flow paths within the blede
rows). The differentisl-flow equation is linearized by assuming that there is oo
self-transport of the vorticity, which is transported only by the mean velocity.

A
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This is equivalent to considering disturbences iIn the radisl- and axiel-velocity com-
ponents small compared with the mean axial veloclity. It is further assumed there is
no lnner- or outer-shroud taper (ef. survey 10, which solves the complete inverse
problem of erbitrary walls and bledes but ellows no vorticity to be shed). The solu-
tions are found for the radisl-, tengential-, and exial-veloclty components induced by
a single rotating or stationary blade row with finlte chord and any prescribed blade
loading. The solutions to this Ilinearized equation provide an spproximation to the
velocity fleld for eny blade-Joading distribution, end are likely to be useful for
moderate-turning high-solidity configuretions, that 1is, when self-transport of vor-

ticlty may be negligible.

When the blade chord approaches zerc (actuator-disk theory) the linearized
partiasl-~differential equation becomes homogeneous snd can be solved much more readily
and directly using the given boundary conditions. This is equivalent to assuming a
discontinuity in the tangential-velocity component at some exlal location. BSuitably
choosing this location enables this direct solution to be a reasonable approximation
to the more nearly exact and more arduous solution for the case of nonzero blade
chord. The direct solutlion does not provide a reesonsble epproximation for operation
neer the 1lifting line.

In both the zero- and nonzero-chord ceses, the linearized-flow eguations meke
it possible to obtaein solutions for multistage turbomachines by superposition of in-
dividusl blade-row solutions, Simple methods of epproximsting the flow through a
turbomachine are developed from exponential spproximetlions for the velocity com-
pounent distrlibutlions. These results were gquick enough snd sccurate encugh to be
useful in estimating interference effects of adjacent blade rows.

An 1l1lustrative exsmple is calculeted for a hub-tip radius ratio of 0.6, aspect
ratio of 2.0, and Iincreasing circulation from hub to tip. Disturbances assoclated
with stationary blades attair their maximum downstresm of the blade midchord posi-
tion. Those assoclated with roteting blade rows attain their meximum upstreem of
the blade midchord position.

50. Marble, Frank E.: Some Problems Concerning the Three-Dimensional Flow in Axial
Turbomachines. Preprint No. 182, Inst. Aero. Scl., 1948.

The rspld exponential epproximetions to the llnesrlized-flow solutlon developed
by survey 49 are gpplied to the Investigstlion of the streamline-curvature effects
(caused by radial motion) on the radiel distribution of the fluld near a ststionary
or rotating blede row. The menner of trensition from the far upstream to the far
downstream veloclty profile is examined. A solution is obtained for the entire flow
field for a compressor with cylindrical walls, sollid-body rotation out of the inlet
guide vanes, and simlilar successive stages with constant energy addition radislly
in each. The radial adjustment ranges from nearly complete at the trailing edges
of blades of aspect ratio 1.0 ito almost negligible at the trailing edges of bhlades
of aspect ratlo 3.0.

These results are applied to two important compressor problems: (1) the mutual
interference of nelghboring blede rows in multistage axlal-flow machines, and (2)
the three-dimensionsl flow effects at off-design operating conditions. For blade
aspect ratios near 1.0, Interference effects between adjacent blade rows are neglil-
gible, and distortion of the axial-veloclty profile at off-design operstion is small.
The effects of off-deslgn operstlion may incresse considerably with increasing blade
aspect ratio. At aspect ratios over 3.0, the interference effects may become pre-
dominant flow factors.
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51. Legendre, Robert: Remergues Diverses sur L'Encoulement dane les Turbomachines
a Circulation Varisble. Assoc. Tech. Maritime et Aeromsutique (Paris), 1950.
(Some Remerks on the Flow in Turbomechines with Varisble Circulation.)

Conslderable theoretical difficulties associated with calculating the flow
through an axial-flow compressor with circulation varying radially are discussed
(see survey 49). A suggestion 1s made for sn epproech using Prandtl's theory for
circulation ebout an airfoil of finite aspect ratio.

52. Pipnes, R. W.: The Theoretlcal Possibilities.for Balanced Flow in Compressor
and Turbine Design. Paper No. 50-A-66, A.S.M.E., 1950, ’

Large amounts of blade twist are required in free-vortex-design compreesors.
This constitutes a serious mamifacturing and stress problem. The Mach number limit-
etions are likewise restrictive. Other velocity distributions are investigated in
an effort to achlieve peek efficlencles under practical operating conditione.

The theoretical lnvestlgation concerns nonviscous axiasymmetric isentrople flows
with no radial velocliy or curvature and with constant total energy radially. A
family of generallzed balenced flows is investigeted for which the whirl velocity is
considered to vary as some power of the radius. The study of the theoretlcal range
of operation of these flows reveals thet only free-vortex flow can be maintained
over an enbire operating range. The other flows can be malntained only under certain
limiting conditions when it is desired to obtain equal work radially and yet avcld
critical ranges. For exasmple, solld-body rotation has a limited range. Btarting
with solid-body rotatiop at the rotor inlet and extracting equal work radislly re- -
sults in nomsclid-body rotation at the rotor exit. The succeeding stators thén have
to restore the flow to solid distribution for the next rotor inlet This procesa
sooun produces criticel velocitles.

A "Balenced Flovw. Chart" is comstructed which shows ‘the range of balesunced flows

theoretically possible for any given set of opersting conditions In exial-flow
machinery.

D. TIME-UNSTEADY FLOW EFFECIS

53. Keller, C.: Kinetic Energy Losses Behind Blade Grlde as a Result of Periocdic
Veriation in the Circulation. Rep. Inst. Aero., Tech. Hochschule (Zurich),
1934, pp. 167-187. (Availsbie as R.T.P. Trans. No. 1883, Brfitish, M.A.P.)

The kinetic energy transferred to the vortex waeke due to periodic variations
in circulation is calculated for several airfoil ponfigurations. These calculations
assume two-dimensional potential flaws and assumed the varistion in circulation to be
sinusoldel in amplitude with time. The resulte Indicate that the kinetic energy
transferred to the wekes is found proportional to the square of the amplitude of the
circulation variastion... This result is obtained for isclated airfoliis , for ailrfolls
in cescade steggered &s well as unstaggered, and for rotating blades in lightly
loaded turbine stages.:
54. von Kérman, Theodore, and Tselen, Hsue-Shen: Lifting-Line Theory for & Wing in
Non-Uniform Flow. Quart. Appl. Msth., vol. III, no. 1, Apr. 1945, pp. 1-1l."

A general linearized theory is developed for a wing subjected to normniform in-
let flow. General expressions of the ilnduced velocity and drag are presented. the.t
are appliceble. to compressor blades with little ceamber.,

3686
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55, von Kérmén, Th., and Sears, W. R.: Airfoil Theory for Non-Uniform Motion.
Jour. Aero. S8eci., vol. 5, no. 10, Aug. 1938, pp. 379-390.

The fundsmental concepts of the two-dimenslonal circulsation theory of airfoils
are presented. Timewise varlation of the circulation around an airfoll is shown to
produce a “wake of vortilcity,"™ for which induced vorticity distributions over a thin
alrfoil are presented. Formules are obtained for the 1lift and moment of the thin
airfoll with timewlse-variable circulation. The 1ift is seen to consist of the sum
of three parts: (1) Quasi-steady 1ift Lg, representing the 1ift that would be pro-

duced 1f the instantaneocus velocity and angle of atback were steady; (2) In, repre-

gsenting the forces acting on a body in an ideal fluid when no circulation is produced
because of the reaction of the accelerated fluid messes; and (3) Lo, representing

the contributions to the 1ift from the wake itself. A corresponding formulstion is
obtained for the moment.

These general results are employed to study an osclllsting airfoil and an air-
foll entering a verticel gust. The 1ift always acts at the quarter-chord point of
the alrfoil.

56. Seers, Willlam R.: Some Aspecta of Non-Stationary Alrfoil Theory and Its
Practical Application. dJour. Aero. Scl., vol. 8, no. 3, Jan. 1941, pp. 104-108.

The genersl expressions for 1ift snd moment developed In survey 55 are gpplied
to & thin airfoil Iin a serles of alternating up and down gusts sinmusoldsally distri-
buted. The magnitude of the 1ift decreases as the frequency of the gusts lncreases.
A wind-tunnel fan blade opersting downstream of a set of vanes 1s Investigated. The
vanes produce regular disturbances through which the fan bledes pess periodically,
giving rise to perlodicel forces and, thus, perheps to dangerocus vibrastions. An
approximate calculstion, however, revealed no dsngercusly large vibration amplitudes.

57. Kemp, Nelson H., and Sears, W. R.: Aerodynamic Interference Between Moving Blade
Rows. dJour. Aero. Sei., vol. 20, no. 9, Sept. 1953, pp. 585-597.

The results for an airfoil moving through a stetionary gust pattern obteined in
survey 56 are extended to provide formulas for celculating the time-unsteady effects
for =a single stator row followed by e single rotor row. The Incompressible non-~
viscous two-dimensionsl flow past & cascade of thin slightly~cambered lightly loaded
blades is studied. Each airfoll is consldered to be in a veloclity field induced by
(1) its own wake, (2} the varisble bound vortices of other blades in its own blade
row, (3) their wakes, (4) the bound vortices of blades in the other row, and (5)
thelr wekes. A scheme of successive gpproximetions 1s set up. However, eany calcu-
lations beyond the flrst would be extremely difficult.

Numericel investigatlons were made for the first spproximstion on configurations
of thin low-turning aitfoils with rotor and stator sollidities of 1.0, with s 50-
percent reaction stage, and with 45° stagger angles. The calculations showed large
increases of the unsteady 1ift sa the gap between the blade rows narrowed. The ratio
of the pitch of rotor blades to the pitch of the stator blades affected the unsteady
1ift appreclably. For one case, the unsteady lift was found to be 18 percent of the
steady 1ift. The power in the vortex wakes, expressed as a retioc of the energy
transferred into the wakes per unit time to the steady power required to turn the
rotor, was small.

The energy in the stator wake for the case calculsted was sbout 100 times ss
large a8 the energy in the rotor waeke. According to the results of survey 53, the
unsteady circulation on the stator blades is ebout 10 times that on the rotor blades.
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58. Kemp, Nelson H., and Sears, W. R.: Aerodynamic Interference Between Moving
Blade Rows. OCraduat~ School Aero. Eng., Cornell Ueiv., Dec. 1, 1952. (Contract
AF 33(038)-214086.)

Much the same material appesrs here as in survey 57. A different numerical ex-
ample is calculated in which the chordwise-velocity distribution on the stator and
rotor are quite different. The induced circulation on ®w blade row due to the rela-
tive motion of an adjacent row downstream ls greater than that due to an sdjacent
row upsatream.

58, Abe, Shun-ichi: On.the Mutual Interference Between the Impeller and the Gulde
Vane of Axial ‘Flow Pumps or Fens. Rep. of Inst. High Speed Mech., Sendal
(Japan), vol. 4, no. 38, Mesr. 1951. - CoT -

Theoreticel calculations are presented on the effects of mutuel intexrference.
The flow through the impeller and guide vahes is assumed to be similar to the poten-
tial flow between eqilvalent streets of vortex.sheets, one moving and the other
stationary. The equivalent street of vortex sheets for a blade row is chosen on the
basls of-having the ssme values of zero-lift angle, ccefficlent of 1lift, and moment
coefficlent as the corresponding blade elements.

The results of the calculatlions indicate that the 1ift on the blades varies
pericdically because of mitual Interference. The ampllitudes of the variations in-
cresse as the gep between the rows decresses (see survey 57). :

60. Bullock, Robert O., Wilcox, Ward W., and Moses, Jason J.: Experimental and
Theoretical Studlies aof Surging in Continuous-Flow Compressors. NACA Rep. 861,
1946. (Supersedes NACA TN 1213.)

Surging, a periodic-pulsating flow ocrurring when the slope of the character-
istic curve is positive, limits the operating range of compressors &t low flow rates.
Surging hes been investigated extensively in an effort to determine its causes and
control in order to extend the surge-free pperating range of compressors.

An experimental investigatlon was conducted on a centrifugal compressor usiung
8 differentisl-pressure recarder to estimate the magnitude and frequency of surging
pressure pulsatione as functions of the volume of the compressor system and the
impeller tip speed. An snalysis of surging in an sgsumed simplified configuration
indicates how the flow instability mey arise ln a compressor and how 1t may be
inhivited.

In the experimentel studies on a flrast test unit, the outlet throttle was
graduelly closed until surging occurred. Inlet and ocutlet total-pressure traces
were recarded during the process as were the inlet and outlet velocity pressures
(differential between total and static pressure) and the outlet static pressure.

In reversing the procedure, it was necessary to open the outlet throtile beyond the
point of the surging onset in order tou stop it (see survey 61, root-to-tip stall)
This overlep, celled a hysteresis effect, was quite large under certain conditions.

In a second unit, surging occurred at low volume flows as in the first tesi,
and also st two points of relatively high volume flow (eee survey 61, progressive
propegsting stell). The pulsatlons at the higher flow values were not so violent
as those limiting the low-flow range of the second test. 'In each case, however,”
the slope of the chaeracteristics curve was positive when surging occurred.

The third unit, which was constructed to enclose a minimum volume, used nine
different coumblnations of inlet and outlet couditions. The lowest frequency and
most violent pressure fluctuations occurred when the external pipes enclosed the
largest volume. This result agrees wilth previous work by other Investigators.

H]
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The simplifled sunalysis presents an expression for a useful stebllity criterion
S 1in terms of the inlet acousticel veloeity, inlet effective area, length and vol-
ume, and the slope of both the throttle and compressor characteristic curves. On
the besis of this formulation, & physical interpretation of surging is developed.
Compressibliity effects increase the tendency towerd unstsable operation.

Several methods of inhibiting surge, such ss verieble-angle prerotation vanes,
flow recirculation, end decreesing the capacity of the externsl piping in relation
to the compressor cepacity are discussed.

61. Huppert, Merle C., and Benser, Wllliam A.: Some Stall end Surge Phenomens in
Axial-Flow Compressors. dJour. Aero. Seil., vol. 20, no. 12, Dec. 1953, pp.
835-845.

The authors are concerned mainly with defining carefully the problems of stall
end surge in compressors. Staell snd surge are recognized as operetion-limiting
phenomens, et low-flow valuee and low speeds (see survey 60) that limit the engine
acceleration rates, the operational flexibility In the use of sdjusteble Jet nozzles
or other thrust-sugmentstion devices at intermediate compressor speeds, and the
operation of an engine &t high thrust for greater-than-design equivslent speeds.

The stell of a multistage compressor results from stell of one or more stages. Low-
speed stall is essoclated with flow breskdoun in the inlet stages. At speeds near
design values, stall of a miltistage compressor 1is assoclated with difficulties en-
countered in the rear stages.

The use of high-frequency-response instrumentation such ss hot-wire snemometers
and pressure transducers show stage stell to be an unsteady-flow phenomencn. Zones
or sectors of the annulus have very low mass flows through them compared with the
remainder of the snnulus. These zones of low flow rotate circumferentielly sbout
the compressor axis iIn the same direction as the rotor, but st lower speeds. The
number of the stall zones was not predicteble on the baesis of compressor geometry.

Two types of single-stage stall are recognized. One is progressive stege stall,
in which multiple stall zones originate at the blede ends and extend over a portion
of the blade span. These stall zones cen be obtalned, as before, by closing the
outlet throttle to reduce the flow rate. As the flow is reduced beyond the first
appearance of the propageting stalls, the individuel stell zones enlarge. Sudden
increases in stall-zone numbers may occur with continued flow reduction, and the
spanwise extent of the stalls may also Increase. The behavior of progressive rotat-
ing stall leads to & gradual drop in the pressure coefficient.

The other type of stall encountered is root-to-tip stall in which the stell
zone extends over the entire tlade span, ususlly in steges with high hub-tip radius
ratio. Only one root-to-tip stall et a time was observed. The onset of root-to-
tip stall results in a sherp drop in pressure ratio. The hysteresis effect noted
by survey 60 was found here as well.

Stages with low hub-tip radius ratio with progressive stslls are essoclated
with stages with high hub-tip radius ratlo with root-to-tip stalls. Intermediate
stages first develop progressive stalls, which change to root-to-tip stalls accom-
panied by sharp pressure drops and hysteresis effects.

Single-stage stall is necessary but not sufficient for over-all muitistage-
compressor stall. Progressive propageting-staell patterns originating in the early
stages mey extend axielly almost through the entire compressor and still not
drastically effect the pressure coefficient of the compressor 1f the intermediste
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and rear steges are operating well above thelr stall values. A stage-stacking anel-
ysis 1s developed enébling camputation of the operating cheracteristics of a multl-
stage compressor from knowledge of the individual stage characteristics. Thie stage-
stacking anelysis is applied to a hypothetical compressor. The study was able to
demonstrate which stage was responsible for the flow discontinulty due to root-to-
tip stall at three rotor speeds. At the low speeds the discontimiities result from
disturbances in the inlet steges, and at high speeds the rear stages are the sources
of the disturbances. Interactions between individusl stage effects may further dete-
riorate the over-all compressor performence characteristics. For example, progres-
sive stall in the early steges may sufficiently disturb the over-all flow pileture
sufficlently to cause esrly root-to-tip stell in the Intermediate steges. Stage
interasctions could very well lead to root-to-tip stall in the inlet stages, causing
kinks in the over-sll compressor stall-limit line. These phenomena definitely limit
the range of compressor operation, whether or not they induce compressor surge.

Two types ofcompressor surge are shown to exist: (1) the classical type (see
survey 60) due to classgical system instabllities, and {2) the limit-cycle surge die
to discontinuities in the pressure-ratio Plow characteristic of the compressor. The
suthors are careful to polnt out the differences in surge snd stall characteristics
between compressors in jet engines and in typical test configurations.

62, Emmons, H. W., Pearson, C. E., and Grant, H. P.: Compressor Surge and Stall
Propagation. Trens. A.S.M.E., vol. 77, no. 4, Mey 1955, pp. 455-467.

The importance of understending and controlling surge in relation to the prob-
lems of starting and rapldly accelerating a Jjet engine have led to this hot-wire-
anemometer investlgation, Two distinct surge phenomena in the low flow range are
reported. One is a self-excited Helmholtz organ-pipe resonance, and the other is a
blade~row flow instability, self-propagating from blade to blade. At low speeds,
these two kinds of disturbances are separated by a stable range of operation (see
survey 60). At higher speeds, they spread progressively, until, at high enough
speeds, they overlsp. -

The general mechanism of the propagating-stall type of disturbance is described
as in survey 6l. Basic equations are developed, relating the rate of pressure change
with mass flow leading to an expression for pulsation freguency. The over-all snsl-
ysls relates the propagation rete and stall behavior to loss effects 1n the blade row,
expressed in terms of an effective flow area coefricient. o, which is proportional to
the ratic of an effective flow area (sufficient to pess the exit weight flows with no
losses present) to the exit area. The propagation rate is thus related to boundary-
layer growth paremeters end thereby is found proportionsl to wheel speed. (See
survey 66 for a discussion of the assumptions involved here.)

63, Sears, W. R.: On Asymmetric Flow in an Axisl-Flow Compressor Stage. Jour. Appl.
Mech., vol. 20, no. 3, Sept. 1953, pp. 442-443. .

Asymmetric flows ésan occur in compressor configurations when the blades are
operating close to stell conditions and a time lag occurs in developing 1lift. (Bee
survey 65, on the sititebllity of this mechsnism for propegating a disturbance pro-
posed here.} The condltions necessary for asymmetric flow are analyzed theoretically.
For a steady uniform stream with en infinite number of blades of large radius and
small chord (i.e., sctuator-disk analysie), the rotatilonal flow effects due to vor-
tices shed by the blades are importent for asymmetric flows. The velocities induced
by the asymmetric loading are celculsted. Moreover, it is found that these induced
effects can support the circulstion distribution that gives rise to them.
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A simple relation esteblished between the circumferentisl circulation distribu-
+tion and the induced velocitles at the disk 1s evaluated for assumed sinusoldal
distributions.

64. Sears, W. R.: A Theory of "Rotating Stail"™ in Axisl-Flow Compressors. GCradusate
School Aerc. Eng., Cornell Univ., Ithace (N.Y.). (Contract AF 33(038)-21408.)

This theoretical investigation lg an extension and generalizatlion of survey 63.
The airfoll epproech of the earliler work is adopted here, but the restriction to
smell Iinlet swirl relative to the rotatling flow pattern is removed. Assuming the
proper time lsg required to estseblish a separsted boundary layer, steadily rotating
esymmetric flow patterns cen be obtained which rotate in the same directior as the
inlet swirl, but at lower speeds than do the blades. The theory Indicates the possi-
billities of the pattern rotation opposite to the direction of blade rotation. No
solutions are cbtained for zero time lag.

A second approech incorporates the viscous profile drag effects by assuming two
empirical chennel relstions based on experimental observations, namely, thet the dis-
cherge flow engle and the dimensionless totael-pressure rise sre functions only of the
entering angle. TFor thie approach, asymmetric rotating flow patterns can exist with
or without time lag.

While these steadlly rotating self-supporting rotating-stall patierns exist only
in specigl circumstances of blade geometry and aerodynamics, little advice can be
given In how to avoid these circumstances.

65, Ture, T., and Rennie, W. D.: Observations of Propagating Stall In Axial-Flow
Compressors. Rep. No. 4, Mech. Eng. Leb., C.I.T., Apr. 1953. (Navy Contract
N6-ORI-102, Task Order 4.)

A series of experimental investigstions of stall phenomena were made in a three-
stage free-vortex blaeding compressor, a one~stage free-vortex blading compressor, and
& one-stage solid-body blading compressor. The results of careful messurements of
stalling in these compressors are reported. Two principal types of stzll, paxrtial
and full, were cobserved (corresponding to progressive and root-to-tip stall, respec~
tively, in survey 61).

Pertial-stall (progressive-stall) characteristics are as follows: (1) One or
more stalled reglons may be present. The stalled regions extend over only part of
the blade span but cover more than one blade passage and mey be at elther blade hub
or tip, depending on the configuration. (2) Tramnsition into paertial-stell conditions
occurs when the ocutlet throtitle is closed beyond the maximm exlt pressure. Continued
closing of the throttle (decrease of flow coefficient) results in elther increasing
the number of stall reglons propegating at the ssme speed as before, regrouping of
regions into a larger partial-stall regions propegating et a lower speed (see survey
67, in which speed increases with stall reglon size), or regrouping into a single
full-stall (root-to-tip) region. Partial stall with continued decrease of flow coef-
ficient causes a steady gradual decline in pressure. Transition to full stsll is
accompenied by & sudden sherp drop in exit pressure. (3) Partial stell occurs st
higher flow coefficients than full stall, propagetes at higher speed, and has a maxi-
mum ratic of velocity-fluctuetion amplitude to mean veloclty of 0.6 to 0.65 as com-
pared with gbhout 0.7 for full stail.

Full-stall {root-to-tip stall) characteristics are as follows: (1) Only one
stalled region is present, and it extends over the full blade span and covers more
than one passage. (2) Transition into Pull stall occurs as the flow coefficient is
decreased (by closing exit throttle, e.g.) beyond a certain point. Continued decrease
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in flow coefficlent enlarges the full stall (retarded-flow) region. The propagating-
stall speed varies with solidity but not with a decresse in flow coefficlent. To
relleve the full-stall condition by opening the throttle, 1t is necessary to open

the throttle beyond the point where full stall first occurred (i.e., hysteresis
effect is noted), Transition to full stall is characterized by a sudden gharp drop
in exit pressure. (3} Full-stall propsgating speed is lower than partisl-stall
propegeting speed (but 1n same direction) end occurs at lower flow coefficients. At
a given flow coefficlient the full-stell region ie wldest at the smme rsdial position
where partial stell 1s widest for that particular configurstion.

The dlscussion of the experimental results points out that the cheracteristic
time bases for estimating propsgating-stall speed by verious investigators (surveys
66 and 83) are belleved to depend upon the time required for the establishment of a
separated boundary layer when an alrfoil 1s subjected to a sudden change in engle of
attack. The comparsatlive constency of full-stall propagating speed over a wide flow
range, obtalned experimentally in this report, does not support this view. A char-
acteristic time, depending upon the inertis of the flow rather than upon the detalled
neture of the flow, 1s suggested in survey 67.

The actual total-pressure loss due to stall in a compressor cascade was small
and nearly constent for a range of incidence angles of 8° to 10°. Outside this
range, the totel-pressure losses rise rapidly. This total-pressure-loss variation
is the most markedly nonlinesr flow characteristic observed, and the amplitude of
the stall fluctuastions that appeared seemed to be typlcal of nonlinear oscillations.
Therefore, the total-pressure-loss varistion is an important factor in determining
the stall-fluctuation aimplitudes.

It was not positivély,established whether the rotor or stator was primerily
responsible for stall. Laxge serodynamlic blade excitations can arise as a result
of stall, and it 1s posaible that blade fallures could result from partial stall
(more likely than at full-wtall conditlouns). The effects of stalls extend far up-
stream and downstream of tHe blade row of their occurrence. A discusslion of stall-
ing and the characteristic hysteresls loops involved in going from stalled to un-
stalled and back to stalled conditions lesds to & tentative suggestion that surging
may involve an osclillation bétween two stall patteruns.

66, Marble, Frank E.: Peragation of 8tall in a Compressor Blede Row. Tech. Rep.
No. 4, GALCIT, dJan. 1954 (0ffice Bei. Res., Alr Res. and Dev. Command Contrect

AF 18(600)-178.)

8tall propagation in a-blade row using a two-dimensional small-perturbation
theory and assuming no interference from adjacent blade rows 1s discussed. Blade
spacing and blede chord are not.critical guantities determining the stall propagation,
and therefore the two-dimengilonal cescade is further slmpliflied by replacing it with
an actuator line. Given the inlet flow asngle and the locsgl turning angle for the
unstalled cascade, the locel static-pressure rise and ocutlet angle are known in the
gbsence of losges. Thus, for given turning, asslgning a different statlic-pressure
rise at a given inlet angle 1s equivalent to assigning e partlicular total-pressure
loss at the value of inlet angle. In e simplified model, the static~pressure rise
is assumed zero in a stalled reglon. The results of the theoretical analysis of
this model indicate that the propagation rate of the stalled region is determined by
the relative inlet flow angle to the cascade and is independent of the flow turning.
From a plot of-the relative speed of stall propagation agalnst inlet angle, it is
observed that the propagation speed in this simple cascade configursation is least
sensitive to variations of relative inlet flow angles near the velue =x/4. As this
is a common value of inlet flaw angle, thils result for the simplified case agrees
well with observed behavior of the relstive constancy of propagating-stall speed as

-
o
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a compressor 1s throttled. The most influential Factor determining the extent of
the stelled region is the cascade statlc-pressure rise. :

For e somewhat less simplified cese, in which the pressure rlse and discherge
engle are now dependent upon the inlet angle near stall (respectively zero and in-
dependent in the first simplified case), the speed of propagetion is found to be a
function of the inlet and discharge angles. However, the inlet flow angle 1s stlll
the predominant factor. The cascade static-~pressure rise is still the important
factor determining the extent of the stalled region.

The effects of propagating stall in the performance of a single compressor stage
are also discussed. The compressor performance is eveluated In terms of flow and
pressure coefficients. Specifying these coefficlents 1s equivalent to specifying
the relative inlet and discharge angles in conformity with the procedures iIn the rest
of the report. One result obtained is that the pressure loss due to stell is pro-
portional to the stalled fraction of the circumference. The performance of a hypo-
thetical compressor is computed, and quelitative agreement with experimentslly ob-
served behavior is obtained.

67. Stenning, Alen H.: Stall Propsgetion in a Cascade of Alrfoils. Jour. Aero.
Sei., vol. 21, no. 10, Oct, 1954, pp. 711-713.

The mechanism in cascade flow that controls stall-propagation speed end the
size of stall reglous ies investigated. Three factors are considered; the Inertila
of the fluid both outside the cascade and lunside the passage, and the response time
for the establishment of a separated boundary layer when subJected to change in
angle of attack. A linearized one-dimensionsl perturbation analysis leads to several
interesting conclusions. The speed of stall propegetion increases with the size of
the stall region (cf. observations in survey 65) and depends maeinly on the inertia
characteristics of the fluid aspproaching the cescaede (the pressure changes downstresm
of a cascade ere much smeller than upstream) and between the blades. The boundary-
layer response time factor decreases the speed of propsgation but its effect is not
as large as that of the over-all inertia. The boundary-layer esnalysis indicates
that stell-reglion size and propagstion depend on the inlet angle (see survey 61).

68. Smith, A. G., and Fletcher, P. J.: Observetions on the Surgling of Various Low-
Speed Fans and Compressors. Memo. KRo. M.218, British N.G.T.E., July 1954.

A serles of cbservations of stall and surge phenomena in centrifugal- esnd axial-
flow compressoxrs 1s reported and asnaslyzed briefly. Results and conclusions of in-
vestigations using wool tufts and pitot pressure tubes are presented. Only those
findings that are different from the results of investigetlions of surveys 61 to 67
are recorded here.

Only one band of rotating reverse-flow region, which rotstes at a speed of 0.30
to 0.50 of rotor speed in the majority of cases, is noted. In one case, a type of
surge was observed which involved uniform backflow at the rotor tips all around the
periphery. By considerling a compressor as multiple compressors in parallel, a hys-
teresis effect and operetlng characteristic similsr to observed findings can be pre-
dicted. A tentative theory for the rotating surge discussed here leads to cszlcule-
tlons of propagation speeds based on inertla effects of the fluld in the diffuser
chennels. According to this theory, surge frequency should decrease es the number
snd length of the chamnels (solidity) goes up. This theory does not apply to axial-
flow fans, but it is speculated that there the propagation rate would probebly de-
crease with smaller pressure drops due to the surging.
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69. Sesars, Wililam R., and Chu, Wen-Bwa: Bome Aerodynamic Procblems of Compressors
and Turbines. Lecture Ser. No., 30, Imst. for Fluid Dynemics and Appl. Mech.,
Univ. Maryland, Nov. 13953.

Three major internal-flow problems of turbomachinery afe anelyzed: (1) inter-
ference between moving blede rows, (2) progressive rotsting stall as a consistent
golution of symmetric flows, and (3) ailrfoil characteristics after stall. :

An anglysis of interference effecte for a two-~-dimensional nonviscous incompres-
sible flow 1s developed as an iterative process, following the work of survey 57.
One result 1s that the unsteady forces can be as large as 15 percent of the steady
1ift, which may lead to hlade vibration problems. The circulation induced on & given
blade row by the relative motlon of a downstream row is greater then that induced by
an upstreem row.

Two-dimensional actuator-line theory was spplied to an analysis of rotating
stall. The flow upstream of the actuator line was irrotational. Results indicate
that special combinations of blade characteristlcs and geometry must exist in order
for steady rotating patterns to be present.

E. COMPRESSIBILITY AND MACH NUMBER EFFECTS

70. Perl, W., and Epsteln, H. T.: Bome Effects of Compressibility on the Flow through
Fans end Turbines. NACA Rep. 842, 1946. (Supersedes NACA ARR ESGQ3.)

A theoretical anslysis applies the laws of comservation of mass, momentum, and
energy to a study of compressible nonviscousd flow through & two-dimensional cescade
of alrfoils. A fundasmentel relation is derived between the upstream and dowustream
flow angles X; s&nd Ao, respectively, inlet Mach number M;, and pressure ratio

Py/p, ecross the cascade:

-1
cos X ) (Pz T
- -1
cos Xz (T-l)Ml P

This result 1s presented graphically in a seriles of curves and compared with the
incompressible-flow relations to demonstrate the compressibllity effects for compres-
gor or turbine cascades. The plots reveal two ranges of flow angles and an inlet =~
Mach oumber for which no idesl pressure ratlo exists; in certaln cother flow-angle
ranges two poselble pressure ratios are predicted for given inlet Mach numbers.

The effects of varlisble axial~-flow area are treated. In the range of Mach num-
bers less than 0.4 in axisl-flow compressors, the relations for compressible and in-
compressible flow both give nearly the same results. §Some Implicetlons of the basic
conserveation laws are discussed for nonideal flow through cascades.

71l. Traupel, W.: Kompressible Stroming durch Turbinen. Schwelzer Archiv f.
Angewandte Wiss. und Tech., Jahrg, 16, Heft 5, May 1950, pp. 129-138; Jahrg.
16, Nr. 6, June 1950, pp. 176-186. (Cqmyrepaible Flow Through Tufbines.)

A theary is developed for the mathematical anaelysis of frictionless isentropic
flow through axlal-flow turbines and compressors when compressibility effects are
large. The radial-equilibrium condition is analyzed, and it is concluded that the
radial distribution of density determines the magnitude of compreesibllity effects.

3686
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72. Liebleln, Seymour, and Sandercock, Donald M.: Compresslibility Correction for
Turning Angles of Axial-Flow Inlet Guide Vanes. NACA TN 2215, 1950.

The Prandil-Glauert compressibility correction for isolated alrfolls is extended
to accelerating cascades with axial air inlet and moderate blade cambers and solidity.
The total 11ft coefficient of the cascade is considered as the sum of two parts: (1)
the coefficient of 1lift assoclated with constant airspeed across the cascade, and (2)
the coefficient of 1ift associated with the change of speed ecross the cascade. As 2
result, the variatlons of 1ift coeffiliclent and turning sngle with inlet Mach number
at a gilven engle of attack are obtained anaelytically for two-dimensional flow. The
results are then adapted for amnbler flows. L

Some experimental desta are presented to demonstrate the agreement achieved.
The turning angles derived from the two-dimensional flow analysis are corrected to
constant axisl velocity across the cascede; consequently, the theoretical variation
of corrected turning angles up to 2g° and for axial-veloclty increases up to 20 per-
cent across the vanes is in agreement with experimentsl turning-sngle date from in-
vestigations of several axial-flow-compressor inlet-guide-vane designs in anmular
cescades. Thus, generalized blade~element compressibllity correctlons are presented
for use in the deslgn and anslysis of axial-flow-compressor gulde vanes.

73. Sinnette, Jobhn T., Jr., Costello, George R., and Cummings, Robert L.: Expres-
sions for Measurlng the Accuracy of Approximste Sclutions to Compressible Flow
Through Cascades of Blades with Exsmples of Use. NACA TN 2501, 1851.

Four error expressions are derived as integrel relations based on the condition
of irrotationality and on the laws of conservation of mess and momentum. These inte-
gral expressions, necessary conditions for steady irrotational compressible flow
through & straight cascade of blades, are (1) the ratio of the difference between up-
stream and downstream maes flow to upstresm mese flow, (2) the ratios of the differ-
ences between momentum changes in two directions (calculsted from blade surface pres-
sure distributions and upstream velo¢ity vectors) to resultant blade force, and (3)
the ratlo of the circuletion sround & simply connected region to clrculation around
an alrfoil. The error expressions are gpplied to tests far the compatibllity and
accuracy of three different types of approximate solutions for compressible flows
through the cascade. These approximations are incompressible potentlal solutions,
the Prandtl-Glauert approximatlon as adaspted to cascades, and sn spproximation based
on an essumed linear pressure-volume relstion es gpplied to cescades. Pressures and
densities are also cbtalned for comparison from the exact Bernoulli equation and
pressure-density relstion.

The compatibility expressions are used to compare the preceding spproximste
solutions end to measure the over-all degree of epproximetion achieved by each. The
results Indicate that the accuracy of the Incompressible potentisl-flow spproximation
decreases with rilsing Mach numbers. The inaccuracies involved in the process of ob-
taining the incompressible solution are insignificant compared with the inaccuracy
of the incompressible gpproximetion itself for Mach numbers of the order of 0.8.

The Prandtl-Glauert approximastion results in errors of gbout the same magnitude
a8 the incompressible approximation when used with a llinearized velocity relation.
Much improved answers result when the exect veloclty relstion is used.

The linear presgure-volume-relation approximation gives much more accurate re-
sults than elther the Prandtl-Glauert or the incompressible potential-flow approxi-
mations. The errors of approximation apparently are only slightly greater than the
errors involved 1ln the calculations, such as rounding off numbers, integration ap-
proximations; and so forth.
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F. VISCOUS FLOWS, BOUNDARY LAYERS, AND LOSSES

74. Wu, Chung-Hua: ©Survey of Avalleble Information on Internal Flow Losses Through
Axiel Turbomachines. NACA RM E50J13, 18950.

The availlable information on internael~flow losses In axlal-flow compressors and
turbines 1s briefly surveyed, and both the present etate of knowledge and the direc-
tion of probable future research on reduction of these losses are discussed.

75. Squire, H. B., and Young, A. D.: The Calculation of the Profile Drag of Aero- .
folls. R & M No. 1838, British A.R.C., TFov. 1837. ?;

The drag on an isolated airfoil in two-dimensional incompressible flow 18 cal-
culated for a range of Reynolds numbere for several alrfoll thicknesses on the basis
of the pressure distributions sbout the eirfoll computed by means of potential-flow
analyses.

The boundary lsyer on the girfoil is assumed to be laminer from the leadlng edge
back to sn asgumed trsmsition point and is considered turbulent rearward from that
point. In the leminar layer, the skin friction and boundary-layeér thickness near the
leading edge are computed by Pohlhausen's method. The turbulent boundery~layer prop-
erties are computed using the Prandil theory together with the experimental results "
of Nikuysdse snd Buri. Por the wske, it is assumed that the momeéntum thicknese at
the tralling edge is equal to the sum of the momentum thicknesses of the boundsry
layers of the upper and lower surfaces near the tralling edge. The stetic pressure
is assumed constant in the wake to permit the use of the boundary-layer equatioms. - T
Comparison of calculated results with experiment is fairly satisfactory. v

76. Weske, J. R.: Drag of Airfolls in Grids of High Solldity. Jour. Aero. Sei.,
vol. 11, no. 4, Oct. 1944, pp. 369-372.

The drag on NACA 0012 symmetricel airfoile is analyzed for a cascade at zero
stagger and zera 1ift., The results indicate that the profile dra.g is composed oY two
component parts: (1) the drag produced by the normal I pressures “{e.g., the displace-
ment of the mein flow by the boundary layer), which wes found to be small at high
Reynolds numbers, and (2) the drag produced by skin frietion. Ceuses of profile drag
which erise in the wakes are of particular concern. The drag coefficient is computed
in terms of momentum thickness as in survey 75. For these airfoils, the tremnsition
point in the grids is located accurately at the polut of msximum thlckness of the. Ll
airfoils. Data are obtalned by an experimentsl investigation tc enable iutegration
of the momentum equation.

Three major conclusions sre reached: (1) The drsg of high-solidity airfoils
can be calculated falrly well from the momentum egquation for a turbulent boundary
layer by assuming e consiant mean value for a coefficlent of skin friction. (2) The
momentum transfer of the wake in a fleld of adverse gtatic-pressure gradients glves
rige to losses much larger than for individual airfoile. This effect is significant
only for very high soliddities. (3) Displecement of the flow was observed from the
blade ends toward the midspan, especially at high solidities (called Jet contraction
elsewhere) and produces separstion at the blade end.s while the flow at the mldspan
adheres. At high solidities, the result is considered to incresse the drag beyond
that predicted solely on the basis of profile drag

77. Loiteianskii, L. G.: Resistance of Cascade of Airfoils in & Gas Stream at—5Sub-
sonlc Velocity. NACA ™ 1303, 1851.
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The drag of alrfoils in céscade is theoretically calculated as intersctions
among the boundary lsyers of the individusl blades. This method is based on a slight
flow nonhomogeneity in the section of the aserodynamic wake where the boundary layers
of the individusl blades merge. To compute this method, exect expressions In terms
of total load loss, circulstion, and free-stream velocity are set up for the reac-
tions on the cascaede in viscous lncompressible flow. The assumption that the veloc-
1ty is nesrly uniform at the downstream station where the wekes merge leads to an
expression for total-pressure loss and resction normal to the cascade axis as func-
tions of the boundary-layer momentum thickmess at that station. This result is then
related to the momentum thickness at the blade trailing edges.

Thus, for a glven _'p:-r-'.essure .distri'bution on the profile, the momentum thickness
and an estimate of the cascade reaction can be made.

78. Schlichting, H., and Scholz, N.: Uber dle theoretische Berechung der
Stromungsverluste eines ebenen Scheufelgitters. Ing.-Archiv, Bd. XIX, Heft. 1,
1951, pp. 42-65. (On the Theoreticael Calculation of Flow Losses of a Plane
Cascade of Alrfoils.)

Potential-flow solutions are used to determine the pressure and veloclty dis-
tributions sbout the airfoils in two-dimensional cascades, from which the boundary
layers on the blade surfaces can be determined by boundery-lasyer theory. Using zero-
thilckness profiles, the changes in exit-flow directlion.caused by the boundary leyers
can then be computed. ILoss coefficients are found for eight different cascades, but
no comparisons are made with experimental results.

79. Stephenson, J. M.: Efficiency and Drag of an Axial-Flow Compressor Stage. Air-
craft Eng., vol. XXV, no. 292, Jume 1953, pp. 158-160.

The efficiency concepte frequently used in axial-flow-compressor design are
reviewed. The relations are discussed between the verious efficlencies defined, such
as polytroplc, isentropic, and cescade or blade efficiencies. The stasge efficiency
is expressed in terms of blade force and proflle dreg from considerations of the
moment of momentum and the energy equations. The results can then be compounded for a
complete stage. A merit figure for cascades in terms of a dimensionless force coef-
flcient 1n the tangentlal direction and the profile drag coefficlent is proposed.

An Interesting discussion deels with the effects of errors in the profile sheape
produced on the efficiency. An overly thick blade treiling edge has little effect
on the efficlency but causes the profile drag to lncrease. A blunted leading edge
likewise has little effect on the design efficiency but does result in an abbreviated
flow range before stall occurs. Sherp curvatures and ridges lead {o a similar re-
sult. Surface roughness, 1f less than the boundary-lsyer thickness, has no effect.
Reynolds number effects on the efficiency are reviewed briefly, and shed vortilces
and tip-clearance eddlies end their effects are described.

80. Goldstein, Arthur W., and Mager, Artur: Attainable Circulation gbout Airfolls
in Cascade. NACA Rep. 953, 1950. (Supersedes NACA TN 1941.)

A method is presented for determining the minimmm required cascade solidity for
a glven turning. This method is developed for calculating the pltch-chord rastic and
surface-veloeclty distribution consistent with specifications on profile thickness,
maximm surface velocity, Reynolds pumber, inlet and outlet flow veloclities and
angles, suctlon-surface diffuslon avoiding separation, and trailing-edge loadlng.
The enelysis is haesed on boundary-layer data obtalned on isclsted sirfolls and ap-
proximete boundary-leyer theory in two-dimensional Iincompressible flow. Both leminar
and turbulent boundery leyers are consldered. RNumerical exemples are glven, end re-
sults are compared wilth experiment.
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8l. Mager, Artur, Mshoney, John J., and Budinger, Ray E.: Discusslon of Boundary-
Leyer Characteristics Near the Wall of en Axisl-Flow Compressor. NACA Rep. e
1085, 1952. (Bupersedes NACA RM E51HO7.) oo T T oo

The boundary-leyer velocity profiles on the casing of an axial-flow compressor
behind the guide vanes aud rotor are measured by means of total-pressure and claw-~
type probes. It is apsumed that the probes read the correct mean value of the flow
in the presence of—disturbances due to turbulence and blade rotaftion. The boundary-
layer flow is resolved _into two components, along the main flow streamlines and per-
pendicular to them.

3686

A simplified analysls of the boundery-leyer flow is undertaken, assuming lncom-
pressibllity end zero veloclty gradient normal to the surface at the boundary-layer
.outer extremity. Boundary-lsyer thickness and deflection at the wall are used as
generalizing parameters. The experimental results and the momentum-integral eque-
tlons are used to evaluate qualit.a.tive],v the compressor wall boundary-layer
characteristics.

The maln psremeters controlling secondary flow appear tc be the turning of the
flow and the product of the boundary-layer thickness and streamline curvature outside
the boundery layer. Tip clearance affects secondary flow primarily at high weight
flows and speeds. Losses nedy the rotor tip and stator bub are traced to the pre-
dominantly tangential direction of the boundary-layer flows in those locations.

Separation of the three-dimensional boundery layer is discussed. Prelimlnary )
considerations indicate thet many phenomena in exial-flow compressors, such as large -
losses near the rotor tips despite energy eddition to the boundary 1ayer, can be ex-
plained by the three-dimensional boundary-lsyer flow on the casing. T

82. Binnette, John T., Jr., and Costello, George R.: Possible Application of Blade B
Boundary-lLayer Control to Improvement of Design a.nd Off—Design Performance of
Axial-Flow Turbomachines. NACA TN 2371, 1951.

Assuming s linear pressure-volume relation for compressible flow, a potentisl-
flow method 1s developed for desligning bisdee slotted for suction or ejection, with
a prescribed velocity distribution on the blade surface and in the slot, which is
intended for use as boundary-lsyer control in the compressor or turbine. The effects
of suction on the flow nesr the slot and of ejecting gas et temperatures and pressures
different from the local free-stream values are discussged. Suction is recommended
for boundery-layer control in later stages of compressors, and election is recom-
mended for cooling purposes and for Increasing the loading in turbine stages.

83, S8cholz, N.: Two-Dimensional Correction of the Outlet Angle in Cascade Flow.
Jour. Roy. Aero. Sci., vol. 20, no. 11, Rov. 1953, pp. 786-787.

An epproximete method 1s developed for estlimeting a two-dimensional correction
of the ocutlet flow angle of a cascade for.the effects of boundary-layer growth on the
end walls. It is assumed that the entire flow deflection tekes place downstream of
e plane within the passage, at the aerodynemic center of the passage. Momentum con-
slderations then lead to correction in terms of flow contractions in two regions on
elther gide of the plane.

84, Stephenson, J. M.: The Elimination of Wall Effects in Axial-Flow Compreseor . .
Stages. Jour. Aero. Soc. (London}, vol. 57, mo. 508, Apr. 1953, pp. 241-243,

A design method is proposed that improves the accuracy of the usual design assump-
tions for viscoslty effects In compressora. The method relies upon the tendency of
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geses to maintein a redisl-equilibrium condition. This is used to counteract the
peeking of the axial-veloclty component due to wall friction (see survey 213). The
boundery layers must be computed for the first stage, and then the results are ap-
plied to ell stages with suitdgble corrections for the hub-tip redius ratios.

The procedure is as follows: A funcition f£{r) 1s defined as a reaction param-
eter. For a given f(r), the tangential velocities are calculsted, and, assuming
no redial-velocity components, the axlal-veloclty profile is determined. If it is
desired to choose f(r), thet is, the tangentiel-velocity profile, a triel-and-error
solution 1s set up In order to get a particulaer axial-veloecity profile.

The over-all design method 1s iIntended to achieve two goals: (1) Eech stage of
a compressor must be designed with constant circulatlion to avold the pesked axiasl-
velocity profile generslly found In compressors. A great deal of Informetion i1s
required gbout the profile In each stage which 1s essumed to be unchanged when dif-
ferent blading is used. (2) The axial velocity must be controlled without increas-
ing the circulation neer the wall, as thls would cause an efficiency decrease due
to secondery-flow effects.

85. Torde, T. P., Hilton, H. H., end Hall, F. C.: Analysis of Viscous Laminar In-
compressible Flow Through Axial Flow Turbomachines with Infinitesimal Blade
Specing. Rep. No. C-TR-1l, Eng. Bxp. Station, Aero. Eng. Dept., Univ. 11.,
Feb. 24, 1953. (Contract AF 33(616)}-52, E.0. No. R-467-3 BR-1l.)

An analysis is presented of the viscous steady laminer incompressible axi-
symmetric flow through rotating sxial-flow turbomachines. The lnverse or design
problem 1s solved here. Flrst, the resultsnt veloeclty distribution in each channel
1s assumed a nonsymmetric pargbola with constent axial-velocity component, and the
Navier-S8tokes equations for axisymmetric flow are integrated. Introduction of a
force field takes into asccount both hydrostatlc pressures and viscous shesr stresses,
and mskes possible the determinstion of the closely spaced three-dimensionel stream~
line surfaces (l.e., the blades) by integrating the streamline equations elong the
stage. In this design problem, the angular veloclty, the magnitude and direction of
the entrance velocity, the entrance pressure, and the hmb and shroud radil are glven.
From these, certain arbitrary functions Z; =and Zs; must be determined ou the basis

of known efficilent surface curvetures at the leading edge. Suck curvatures are chosen
to conform with known physical limitstions on the rate of pressure rise on blades nec-
essary to prevent increased viscous losses and flow separation. The functions 2

and Zg also determine the twist of the blades. With this informetion, the designer

can then determine the streemiine traces by integration and thus the blade profiles
for e glven stage.

A numerical example is presented to iliustrate use of the design procedure, ite
trends, and limitations. The particular numericsl example in the report was one of
a serles whose over-all slm was to determine the conditlons for msximim pressure rise
through a single rotating stage of closely spaced blades at the same time to avoid
large blade twists.

86. Torda, T. P., Hilton, H. H., and Hall, F. C.: Anelysis of Viscous Leminar In-
compressible Flow Through Axial-Flow Turbomechines with Infinitesimal Blade
Spacing. ' Jour. Appl. Mech., vol. 20, no. 3, Sept. 1953, pp. 401-406.

Expresslons are derived for the velocity components, pressure, and power input
and output for aerbitrery blade surfaces for viscous incompressi‘ble steady flows.
The flow varisbles and blade surfaces are plotted.
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87. Born, P. W., Hall, ¥. C., Hilton, H. H., and Torda, T. P.: Analysis of Viscous
Laminar Incompressible Flow Through Axial Flow Turbomachines with Finite Blade
Spacing. Tech. Rep. C-TR-2, Eng. Exp. Station, Aero. Eng. Dept., Univ. Illinois,
Mar. 18, 1953. (Contract AF 33{616)-52, E.C. No. R-467-3 BR-1l.)

The work of survey 85 is extended to the case of finite and equally spaced
blades. In somewhat the same fashion as in surveys 10 to 12, a number of equally
speced streamline surfaces, calculated for infinitesimmel spacing, are teken as
"frozen,"” thet is, the same for the finite as for infinitesimal spacing. The infini-
tesimal solution qualitatively determines the over-all properties of the stage. The
flow varlebles are then allowed to vary from the frozen values circumferentially to-
ward the surfaces of.the adjacent finite-spacing bledes by simultanecusly replacing
the Lorenz-type force field by seriee expansions for the axial-, raedlal-, and
tangential-veloclty components and the pressure. By substltuting these serles into
the Navier-Stokes and continulty equations, recurrence formilas are obtained for the
series coefflclents, The first terms of the series are those obtained from axi-
symmetric soclutions. The seriles FTor two of the three velocity-varisble expansions
have arbitrary functions for their second terms and must be determined from the
boundary conditions. Once the coefficients are determined, the streamline equations
are integrated, and the blade surfaces are found. The boundary conditions that mst
be satisfled are nonslip of flow along the blade surfaces and closure of the stream-
line surfaces to form finite blades.

Relaxation of the nonslip conditlion in prescribed fashion leads to a necessary
simplification aof hoth the snalysis and the numericsal work. The condition of clogure
is rigldly satisfied, but in generel has to he fulfilled individually for each design
in the course of the numerlcal work.

88. Torda, T. P.: Analysis of Viscous Laminar Incompressible Flow Through Axial
Flow Turbomachines. Annusl Sumiery Rep. C-TR-3, Eng. Exp. Station Aero. Eng.
Dept., Univ. Illinois, July 15, 1953. (Contract AF 33(616)-52, E.0. No. R-467-3
BR-1.)

This third report in the series (surveys 85 and 87) is an exposition and suImary
of the first two reports.

G. EBLADE ADJUSTMENT

89. Binnette, John T., Jr., and Voss, William J.: Extension of Useful Operating

Range of Axisl-Flow Compressors by Use of AdjJustable Stator Blades. NACA Rep.

915, 1948. (Supersedes NACA ACR EGE0Z.)

The inherently nerrow operating flow and speed. range of the axlisl-flov compres-
sor ls discussed. The useful flow renge may be limited for one or more reasons, as
follows: (1) a rapid chenge in pressure ratio for small changes in flow, (2) sig-
nificent chenge in efficiency for change in flow, asnd (3) surging (i.e., unstable
operation) when flow iﬂndecreased'beyond certain limits. The useful speed range mey
be limited by rapld decreases in efficiency from pesk values with change in speed.
Chief responsibility for these limiting flow and speed characteristics is attributed
to the reduction inm the 1lift coefficients of some blade rows, occasioned by the oc-
currence of unfavorsble angles of at%ack on those blades at the off -deslgn cperating
conditions. Resetting the blade angles by blade sdjustment as operating conditions
are changed is suggested in order to maintein the 1lift coefficieuts as high es possl-
ble. 8tator blade adjustment ise recommended for reasons cf mechanical simplicity in
high-speed multistage compressors. A considerable Bection ‘of the report ie devoted

3686
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to presenting a clear physicsl plcture of the flow mechenisms leading to the unac-
ceptable unsteble conditions at off-design operation. Particular attention is called
to the importance of the large density changes In a multlstage compressor, making it
mich more sensitive to flow chenges then a single-sgtage unit.

A generel theory is presented for resetting the compressor stator blade angles.
For simplicity, the anelysls is for one-dimenslonel compressible flow with an esti-
mated polytroplc exponent. Conditions calculeted at the mean radius ere sssumed to
represent the average conditions st each axlal position. This restriction 1iIs nec-
essary, becsuse, while the blade angles can be adjusted to glive 2 desired angle of
attack for e given row of blades at some point along the blade span, the angles of
attack at other radial positlons cammot be chosen similtaneously unless the blade
twist can be altered. Various flow and boundery-layer considerstions lead to choos-
ing the midspan point as the criterion for blade-angle adjustments required.

Calculation procedures are presented separately for the entrande guide vanes and
the remeining stsges, because the entrance gulde vanes have functions essentially dif-
ferent from the typical stetor blades. Then celculetions are presented for resetting
the blade angles of the NACA eight-stage compressor for 75 percent of design speed
over & range of load coefficients from 0.28 to 0.70. The results show substantlal
improvement in the peak efficiencles at compressor speeds conslderebly below design
speed. Pesk pressure ratios were increased with the ststor blades reset. Inlet-ailr
conditions had a large effect on the adigbstlc temperature-rlise efficiency at low
Mach numbers. The compressor had no definite surging below Mach number 0.4.

Stator blade adjustment cen yleld substantial improvement of peak efficiencies
at speeds below the design speed. The availabllity of several different blade set-
tings makes it possible to very the pesk-efficiency flows and thereby extend the
useful compressor flow range.

90. Sinnette, John T., Jr.: Increasing the Range of Axisl-Flow Compressors by Use
of Adjustable Stator Blades. Jour. Aero. Seci., vol. 14, no. 5, May 1947, pp.
269-282. ’ . -

A method 1is described to change blade settings in order to malntein optimm
coefficients of 1ift and improved compressor performance for e renge of speeds and
flows (eee survey 88). Tests on the NACA elght-stage compressor show that a sub~
stantliel incresse in useful operating range cen be cobtained in this fashlion. The
theory can be spplled to rotor or stator blade adjustment, or both. The tests indi-
cate that stator blade adjustment alone is sufficlent to extend greatly the useful
operating range of the compressor.

91. Jeffs, R. A., Hartley, E. L., and Rooker, P.: Tests on an Axial Compressor with
Various Stator Blade Steggers. Memo. No. M.100, British R.G.T.E., Sept. 1850.

Low-speed tests were mede on six stages of a medium-stegger free-vortex-design
exigl-flow compressor. The blading stagger was varled over a wlde range, keeping
the rotor blade sngles fixed, In order to evaluate the effects of stagger changes in
improving off-design operation.

As a result of the adjustments, efficiencles greater than 85 percent were ob-
tained over & range of stator hlade stagger angles from -50° to 10°. Design stagger
was -25.4°, Estimated rotor and stator blade incidence sngles indicate thet the on-
set of surging can be reguleted by controlling the stalling of stetors or rotors.
Stalling appesrs to be more critical on rotor than on stator blades.
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92. McCoy, Allan W., and Hooper, Alton V.: Blade Adjustment in Axiel-Flow Compressor
Steges. Jouwr. Aero. Seci., vol. 20, no. 1, Jan. 1953, pp. 43-48.

A simplified analysis demonstrates the effectiveness of stator and rotor blade
adjustment in providing volume-flow regulation in an axial-flow compressor. The
effectiveness of blade control is first defined as the relative change of volume
flow per unit of angle adjustment at constant pressure rise. Results show high values
can be cbtained by use of high flow and pressure coefficients. For any grid element,
the effectiveness of blade control 1s a function of the reaction ratio and the flow
and pressure coefficlents. Low reaction ratio is used for stator blade control, and
high for rotor blade adjustment.

A simplified analysils presents further informetlion concerning the radial dis-
tribution of hlade-control effectiveness (see survey 89). sStator blade adjustment
schieves maximum control effectlveness at the blade root sectlion for conventionel
type stages and more even distribution of effectiveness with rotor blade control.
Special stege designs for uniform radial distribution of control effectiveness are
discussed. To the reviewers, the assumptions in this last analysis, that the flow
is incompreseible, thet the radial-flow components in the increased flow obtained by
blade adjustment are similar to those obtained at design conditions for each blade
element (i.e., no radisl equilibrium), that the outlet-flow angles remain constanti
redially, and that the radial distribution of pressure rise remains comstant, sppear
80 large that they qualify the results.

93. McCoy, A. W., and Bruunner, M. J: The Use of Stator-Blade Control to Obtain Wide
Range of Compressor Performance for Wind-Tunnel Application. A.8.M.E. Trans.,
vol. 76, no. 2, Feb, 1954, pp. 233-240. _

Stetor blade adjustment makes possible attainmernt of wide ranges of pressure
ratio and volume flov at constant rotor speed, as compared with the use of stator
blade adjustment to obtain favorsble operation over & wide range of speed (see )
surveys 89 to 92). Desilgn consideratious and performence predictions for axial-flow
compressors with stator adjustment are discussed, end experimental confirmation 1s
provided. . . . O

H. ACTUATOR-DISK SOIUTIONS T

94. Bregg, Stephen L., and Hawthorne, William R.: Some Exact Solutlions of the Flow
Through Anmular Cascade Actuator Discs. Jour. Aero. Sci., vol. 17, no. 4, Apr.
1950, pp. 243-249. : : : =

The incompressible inviscid flow through s stage of an axial-flow turbomachine
18 approximated by the flow through an actuator disk, the limiting case when the c¢hord
of the blades approaches zero and the tangential velpcity component changes discortin-
uously. As pointed ocut in survey 48, this assumption serves the mathematical purpose
of meking the flow equations (first made linear by assuming no self- -transport of vor-
ticity) homogeneous.

Two examples are chosen in which exact actuastor-disk solutions and numerical
solutions cam be obtained. The results indicate that the radial flows jecey rapldly
with distance from the disk section. Neerly half the total redial-flow decay oceurs
within a distance of one tenth of the tip radius. For incompressidle nonviscous
flows, the value of the axlal velocity at the disk section is almost exactly the mean
between the values far upstream and downstream of the cascade.

The actuator-disk solutlion may be useful as a quick check on the more involved
approximate methods such as in survey 49. e
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95. Siestrunck, R., and Febri, J. (8. Relss, trans.): Vortex Flow in Axlal Mechines.
NACA Trenslation. (Trans, from Office Nat. D'Etudes et de Recherches Aero. Pub.
No. 45, 1950.)

The linearized axisymmetric actustor-disk solution is extended to Include com-
pressible flows. The flow is characterized by a meridional stream function satisfy- |
ing continuity, and a moment of momentum function with respect to the mechine axis
of rotation. A general relation between the stresm and momentum functions is esteb-
lished for the two-dimensional compressible vortex flow.  Linearized solutions are
computed for incompressible flow, and the relations applied. BExperimental deflection
curves obtained from cascade tests are introduced with the solution procedure Sev-
ersel nonpotential-flow cases are also calculsted.

The differences between deflections cobtained in flows in two-dimensional cascade
tests and the three-dimensional flows in machines are discussed, as well as off-deslgn
point conditions in multistage machines.

96. Siestrunck, Raymond, et Fabri, Jean: Solution linearisee du mouvement
tourbillonnsire dlun flulide compressible dens une roue axiale. Pub. Sci. et
Tech., t. 1, no. 248, 1951, pp. 75-82. (Linearized Solution of the Purbulent
Motion of & Compressible Fluid in an Axiasl-Flow Turbine.}

A lifting-line theory i1s developed for axisymmetric flow in an axial-flow tur-
bine with cylindrical walls. Relations are obtained bhetween the vorticliy and en-
thalpy gradlents. Stream functlons are chosen to satisfy the relations. It is found
thet the linearized equations have simple solutions.

97. Railly, J. W.: The Flow of an Tncompressible Fluid Through an Axial Turbomachine
with any Number of Rows. Aero. Quart., vol. 3, pt. 2, Sept. 1951, pp. 133-144.

Following survey 49, a solution 1is proposed for nonviscous axisymmetric flows
for cylindrical walls and their 1ifting disks. The continuity equation is Integrated
to obtain the axial velocity at the lifting section. This turns out to be the aversasge
of the upstream and downstreem velocliies. One solution for the equation of motion is
obtained by neglecting radisl displacements; another is obtalned for the velocity dis-
tribution of & single blade row. Becsuse the equsations were linearized, the solutlons
for the flow fields to each row cen be superposed to obtaln the flow through a multi-
stage unit.

Calculations by this method are affected by successlive approximations. A com-
putaetion is presented for a single compressor stage with uniwlsted blades and axial
velocities upstream. Three spproximations are computed and reasonsble convergence
i1s obtained.

I. "~ THREE~DIMENSIONAL FLOWS

98. Meyer, Richard: Beltrag zur Theorie feststehender Schaufelgitter. Nr. 11, Mitt.
aus dem Inst. £. Aero (Ziurich), 1948.

The first detalled asnalysis of the three-dimensional Incompressible flow through
a stator cebcede with eylindrical walls is presented hereln. The source snd vortex
method of survey 245 is employed to extend the solution from the infinite to the
finite number of blades. The solution 1s exact for flows that are irrotational up-
streaem and downstream of the rotor. They may be rotational within the rotor, but no
vorticity is shed Prom the blades.
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Briefly, the method modifies the solutlon for an infinite number of blades by C
8 Fourier anelysis to obtaln the solution for a finlte number of blades. Proper
care 1s teken to prescribe the components of the force fileld or the energy distribu-
tion so that the force field will be perpendicular to the family of blade surfaces
(Bauersfeld condition, 1905). This is the necessary condition for the infinite blade
solutlon to be &t all comparseble with the nonviscous solution for finite number of
blades. However, for large aspect ratios, the idealized flow will be comparsble to
the real flows even if this condition has not beenm fulfilled.

99. Dreyfus, L. A.: A Three-dimensional Theory of Turbine Flow and Its Applicatlon
to the Design of Wheel Vanes for Francis and Propeller Turbines. Acta Polytech.
Mech. Eng. Ser., vol. 1, no. 1, 1948.
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The solution for an infinite number of blades is extended to a solubtlon for =&
finite number of blades, and the results are discussed. A power-series development
is employed, and its first term is determined from the solutions for infinite number
of blades. The second term of the series 1s explicitly determined from the equations
of continuity and irrotational sbsoclute flow,

This report provided many of the ideas developed in surveys 10 to 12, 34, and
103,

100. Weske, John R.: Fluld Dynamic Aspects of Axisl-Flow Compressors and Turbines.
Jour. Aerc. Scl., vol. 14, no. 11, Nov. 1947, pp. 651-656.

The stage velocity diagrams for the 1deal operation of radial elements of an
axial turbomachine stage (for flows confined to coaxial stream surfaces in rotation-
ally symmetric flows with identlcal inlet and outlet velocities) cen be completely
defined in terms of three dimensionless parsmeters - flow, pressure, and reaction =
coefficients. The flow coefflclent is the ratlo of the axlal velocity to the wheel
speed. The pressure coefflcient is the ratio of stage total-prespure change to
vheel-speed velocity energy. The reasction coefficient is the ratio of rotor static-
pressure change to stage total-pressure chanse." Radial variations of the pressure™
and reaction coefficients are found for two specific cases.

The three-dimensional aspects of the flow resulting from viscoslity are qualita-
tively discussed. For example, radlal veristlons of the clrcumferential velocity
component, which can result from boundary-layer effects, canrse corresponding changes
in these fundsmental parsmeters governing stage design. Consldering the flow through
the blade rowe as flow in curved channels, the behavior and effects of the surface’
boundary layers, the blade wakes, and centrifugal action in the rotors are snalyzed.
& criterion for radlal stabllity of the compressible flow on coaxlal stream surfaces
is proposed, which Indicates that the stabillty depends on the radial distribution
of totel energy (as for incompresslble flow) snd also on the temperature distribution. -
With this criterion, the radial displacement of the boundary layer In turbomachines
is enalyzed for various condltions of flow. circulation and'bcundary -layer
distribution. -— - . oL

101. Kehane, A.: Investigation of Axisl-Flow Fen &nd Compressor Rotors Designed for
Three-Dimensional Flow. NACA TN 1652, 1948. .
An analysis of the three-dimensional aspects of the flow in axial-flow turbo-

mechines is directed to the problem of attaining higher stage pressure ratios. An «

epproximate method is developed to adapt the two-dimensional airfofl date for use in ’

three-dimensional flow considerations. The results are as follows: (1) Higher pres-

sure ratlios than possible with free-vortex design can be obtained by loading the .
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rotors at the tip sections. The flow, however becomes three-dimensionsl. (2) High-
efficiency axial-flow compressors can be achieved with three-dimensional flows. (3)
The three-dimensional theory hased on two-dimensionel-cascade data is sufficiently
accurate for design purposes. (4) Tip-clearance losses of highly loaded rotor blades
are not excessive.

102. Schnittger, J. R.: Three-Dimensional Flow in Axial Compressors. Eng. Digest,
vol. 13, no. 3, Mar. 1952, pp. 89-80.

The three-dimensional flow characteristics in exisl-flow compressors with axi-
symetric flows ere determined by applications of the vortex-fleld and redisl-
egquilibrium theories. Under vortex-field theories, a brief discussion is presented
of (1) calculetions of potential, incompressible flows with constant exial-veloeity
components and comstant whirl radially (by the method of survey 23), and (2) vortex
flow showing velocity distributions (calculated by the method of survey 489).

Calculations based on radial-equilibrium conditions indicate methods to cobtain
expressions for radial acceleration, energy gradients, and Iinterference between cas-
cades. Methods based on the radial-equilibrium equaetion are ezsy to handle end can
account for compressible-flow and frietional effects.

103. Wu, Chung-Hue: A General Theory of Three-Dimensional Flow in Subsonic and
Supersonlc Turbomachines of Axial-, Radial-, and Mixed-Flow Types. NACA TN
26804, 1952. ; : '

A general three-dimensional nounviscous compressible-flow theory is developed
for subsonic and supersonic turbomachines with finlte mumbers of blades of finite
thickness and erbitrary hub and casing shepes. The combined theory is applicable
to axial-, radial-, or mixed-flow turbomachines for both the direect and Inverse
problems. BSuch a theory is required for any kind of an sccurate representation for
ceses of low bub-tip radius ratios, for cases of high inlet Mach number, snd highly
loaded stages where two-dimensional solutions are Iinadequate.

The three-dimensional sclution is obtained in an essentially two-dimensional
menner. Solutione for methematically two-dimensional flowe on two different kinds
of relative streasm surface are combined by an iteration process. A relative stream
surface of the first kind 8, extends from the suction surface of one blade to the

pressure surface of the adjacent blade. The blede-to-blade flow variations: can be
computed on such surfaces. Twist of the 8y surfaces may lead to large values of

cilrcumferential derivatives. A relative stream surface of the second kind B85 1is

one between two blades, extending from hub to outer casing. The through-flow solu-
tion (survey 34) 1s a specisl case of an S; slream-surface solution. The. equation

of continuity is combined with the appropriate equation of motion im elther the
tangentiel or radisl direction through use of a speclal stream function defined on
the surface. A nonlinear partisl-differentiasl principal equation of flow results.
The equations obtained to descrlbe the flow on these mean stream surfaces show
clearly the spproximatione involved In ordlnary two-dimensional solutions. The char-
ecter of the nonlinear partisl-differential equation, whether elliptic or hyperbolic,
depends upon the relative magnitude of the local velocity of sound and certain com-
binetions of velocity components of the flimid. ’ ’

General methods of solutior of the equations by hand-operated or by high-speed
dlgital computing machines aré presented. In general, the three-dimensional salu-
tilons for both the direct and the inverse problems employ the solutions on both kinds
of relative stream surfaces. The correct solution on orne kind of surface often re-
quires information obtained from solutions on the other kind. Consequently, en
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iterative solution process between the two kinds of surfaces may be reqniréd. In the
direct problem, the solution starts with an assumed flow surface and proceeds with
alternate solutions on the two kinds of flow surfaces until a satisfaectory spproxi-
mation 1s obtained. The better the first spproximation (see survey 17), the shorter
the computetion.

The process is shorter for the inverse problem. The calculation begins on the
mean B8z surface., The designer can speclfy one degree of freedom and an estimated

blade-thickness distribution. After the solution on this 85 surface has been ob-
tained, the blade coordinates are determined by extending the solution circumferen-

tially on au By surface.

The anslyeis of the three-dimensional theory can provide a clearer understanding
of the flows 1n a turbomechine then was obtainable by more simplified solutions, in
the opinlon of the reviewers. More complete knowledge about the bhehavlior of the main
stream and its effects on the development of viscous boundary layers might then aild
in understanding the secondary-flow behavi¢r in turbomachines. This theory is appli-
cable to both irrotationsel and rotational ebeolute flow at the inlet and at both de-
sign and off-design conditions. However, because of the formidabllity of the complete
three-dimensional design theory involving iterative solutions between the 8y and B85

surfeces, its epplication to compressor design is Impractical at this time. Iittle
hes been recorded about its actual use. At present, then, the three-dimensional
theory can best serve as a useful guide for evalusbion of experimental data.

104. Wu, Chung-Hua: Matrix snd Relaxation Bolutions that Determine Bubsonic Through
Flow in an Axlal-Flow Gas Turbine. NACA TN 2750, 1952.

The usefulness of the three-dimensional flow theory {survey 103) depends greatly
on the ease of obtaining solutions on the S; or Bg relative stream surfaces. The

principsl flow equetions for both kinds of surfaces and the methods of successive
epproximations used for thelr soclution are similar. Thelr ease of solution snd rate
of convergence can be expected to be nearly equal. ’

This report presents and evaluates three methods for obtaining solutions on B3

surfaces, narely, (1) relexation method for hand-operated desk calculator, {2) matrix
method on an IBM card-programmed electronic calculator, and (3) metrix method on ~
Univac.

The incompressible and compressible nonviacous flows are computed for a single-
stage axial-flow turbine of free-vortex velocity distribution on the B, surface with

cylindricel bounding walle and a hub-tip radius ratio of 0.8. Convergence is readlly
obtained. The matrlx methods proved qulicker and more accurate, and calculatlons are

not overly difficult, according to the author. The results of these calculations can
be used to evaluate simpler, more approximate methods for computing subsonie through-
flows in turbomechines.

Interesting flow properties are also brought to light by the calculations. For
example, the actual flow path through a blade row, which may be far from sinusoidal
(see surveys 33, 36, and 8), depends upon buch Pactors ss the shape {radial twist)
of the stream surface and the compressibility of the gas. The shape of the stream
surface is particularly sensitive to the axial position of the radial element of the
stream surface. Upstream of the radial element, radislly iuwasrd flows occur; down~
stream, radislly outward flows occur. For incompressible flows, conslderable radial
flow results because of the circumferentisl pressure gradient and the radial twist
of the stresm surface., The flow is radially inward in the stator and outward in the
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rotor of this turbine., The effects on the flow distribution are significant. Large
negative radial gradients of axlal velocity result in the space between the stator
and rotor. For compressible flows, the effects of compressibillity and the radisl
twist on the flow distribution are nearly equal. The nonlinear effects of the gov-
erning equations are particularly evident here.

Assuming e simusoidal flow path within & blade row can spparently provide a
reasongble measure of the rediel displacement effects for calculatlion purposes
{survey 36). However, the actual flow path mey not be sinuscidal.

105. Marble, Frank E., and Michelson, Irving: Anelytical Investlgation of Some Three
Dimensional Flow Problems in Turbomachines. NACA TN 2614, 1951.

This report extends the linear theory to the study of off-design operstion end
mituel interference. The flow is considered axisymmetric incompresslble and non-
viscous in an axial-flow turbomachine. The radisl—veloclty components and the devia-
tion of the axial velocity from the mean through-~flow are assumed small. The theory
pointe to three additive flow components: (1) uniform through-flow, (2) radisl-
equilibrium solution, correct upstream and dovnstreem, and (3) a "flne-structure”™
accounting for acceleratlions. Tebles are glven for calculating the fline-structure
by punch-card methods for a hub-tip radius ratlio 0.6.

An actuator-disk approximation is mede to the fine-structure with nmumerical
examples. The discussion from this includes (1) transients in the first few stages
of a multistage unit, (2) fluctustions of exial-velocity distribution within &
machine, (5) the performance of & single blade row with & prescribed distribution of
tralling-edge flow angle and dependence upon redius and aspect ratio, and (4) off-
design performance of blede rows end mutusl interference effects.

The theory Involves & second-order linesrization in order to handle problems
concerning flows with grester vorticity effects than could be essumed in neglecting
self-transport of vorticity (see survey 49).

106. Stanitz, John D., and Ellis, Gaylord O.: Flow Surfaces In Rotatling Axiel-Flow
Pessages. NACA TN 2834, 1952.

The significance of the effects of radial twist of the relative stream surfaces
on the radial distribution of velocities downstream of & blade row are discussed In
survey 104. The present investigation attempts to discover the megnitude of the
actuel deviations of the flow surfaces from theilr assumed orientation in typical two-
dimensional solutions. The flow is assumed incompressible, nonviscous, and sbsolute
irrotstional through rotating finite-spaced straight blades of infinite axial length.
The blades have no spanwise loadling veriations, which linearizes the solutions.
Numericel solutions are obtained for five passages for a range of blade spacing and
hub-tip radius ratioc. The solutions are found by superposing the solution for zero
through-flow in passages when rotating upon solutions for through-flow in the passsges
where stetionary. In this fashion all ratios of axisl veloclty to passage tip speed
can be accommodeted.

107. Yamsnouchi, Masao: Three Dimensional Considerstions of Flow Through Turbines.
Rep. No. 3, Trans. Tech. Res. Imst., Oct. 1952. (Pub. by The Unyu-GijJutsu
Kenkyijo Mejiro, Toshimsku, Tokyo, Japan.)

Flow wlth axial symmetry, sma2ll secondery-flow effects, viscous losses in the
stream recovered as temperature rise, and slight streamline deviation through the
passsge 1s assumed. In the design and performence snalysis of turbines, the perform-
ance of the stage is usually considered to be fairly represented by that of the blade
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elements at the mean pltch circle radius. This analysis intends to evaluate the
claseness of such approximations and to discuss thelr satisfactoriness.

The three-dimensionel}l flow in a turbine due to variastions of veloclty coeffi-
clents of the blade elements and of the circulstion gpanwise is discussed. Funda-
mental equatlions describing the flow patterns are derived. Three numerical examples
of constant circulation radlally, coneient nozzle discherge angles, and uniform axial
turbine discharge are provided. The usuel simplified design procedures are too in-
sccurate to permit meking an advanced, high-performance turbine.

108, Holmquist, Carl O.: An Approximete Method of Calculating Three-Dimensional,
Compressible Flow 1n Axlel Turbomachines. Ph.D. Thesis, C.I.T., 1953.

An approximate solution is presented toc the direct and inverse compressible-flow
problem In arbitrarily shaped asxisymmetric channels. The flow 1s steady, sxisymmetric,
compressible, and nonviscous. Real-flow effects are approximated by use of a poly-
troplic exponent. The blades are radlal. Ko boundary-layer effects or blade inter-
ference are considered. By conslderation of the upstream conditlone, the channel
configurations, and the blade shepes, the flow immedlately dovmstream of the blade
row 1s analyzed. - An integral for the axisel velocity is derived from the known up-
stream conditions and the downstream static pressure. The total-pressure distribution
is determined by 1ntegrating the radial-momentum eguatlon and by spplyling the energy
equation at the boundary. The mass-flow equatlion is sqglved for the value of the con-
gtant obteined by integrating the axial velocitles with an assumed distribution. An
iteration process is get up in which the sxial-velocity distribution is assumed, and
the procedure leads to e new axlal-velocity distribution. The process continues until
a veloclty distribution produced by an lteration equals the agsumed distrxribution.

SECTION II. EXPERIMENTAL PERFORMANCE AND CHARACTERIBTICS

A. ATRFOIIS AKD BLADE SECTIONS

108. Abbott, Ira H., von Doenhoff, Albert E., and Stivers, Iouils S., Jr.: Summary
of Airfoll Deta. NACA Rep. 824, 1945, (Supersedes NACA WR L-560.)

Airfoil data for £light and wilnd-tunnel tests obtained in the NACA Langley two-
dimensional low-turbulence pressure tunnel are collected and correlsted. Flight-data
drag measurements were obtained by wake-survey methods. Included are analyses of the
1lift, dreg, pitching moment, critlcal-speed characteristics, pressure and velocity
distributions, and a digcussion of the effects of surface conditlions.

110. Loftin, Laurence K., Jr.: Theoretical and Experimental Data for a Number of
NACA BA-Series Alrfoil Sections, NACA Rep. 903, 1948, (Supersedes NACA TN
1368.)

Experimental results obtained in & two-dimensional investigation of five NACA
64A-series and two NACA 63A-series airfoll sections are presented. The NACA 6A-series
airfoils were designed to eliminate the treiling-edge cusp of the RACA 6-series air-~
foils by meking the sides straight from 80 percent of chord to the trailing edge. The
data were obtained for the NACA 6A-series basic thickness forms with the minimum-
pressure point at 30, 40, and SO percent of chord, for thickness ratios from 6 to 15
percent of chord, and at Reynolds numbers of SXMDé SXI05 end 9x195.

The test results lundlcate thet the section minimum drag and maximum 1lift{ of com-
pareble NACA 6-series and SA-serles sirfoils are neerly the same. _The lift-curve
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slope of the NACA 6A-series 1s smooth and nearly independent of the alrfoll thickness
retio, in contrast to trends of the NACA 6-series airfoils. Leading-edge roughness
causes the lift-curve slope of the BA-serles sections to decreese as the ajirfoll
thickness ratio increases,

11l1. Beaven J.- A., Sargent, R., North, R. B., and Burrows, P. M.: Measurements of
Maximum Lift on 26 Aerofoll Sections at High Mach Rumber. R. & M. No. 2678,
British A.R.C., 1948. '

Tests were conducted on 2-inch-chord airfoll sections at Reynolds numbers up to
750,000, Mach numbers up to 0.85, and aengles of atteck up to 15°. Conventional, NACA,
end low-drag alrfolls were tested. The test results are presented as curves of 1lift
coefficient against incidence angle for & range of Mach numbers, and curves of the
meximum 1ift coefficlient ageinst the Mach number for each:airfoil.

In general, the curve of 1ift coefficlent against Mach pumber shows a pesk char-
ecteristic at low Mach mumbers. At higher Mach mumbers of gpproximstely 0.75, the
curve shape changes to a continmuous rise of 1ift coefflclent with angle of attack.
Below this critical Mach number of 0.75, the meximum 1ift coefficient of each airfoill
decreases as the Mach number ilncreasses. At Mach numbers greater than sbout 0.6, the
section cheracteristics conducive to increasing the meximum 1ift are thincess, higher
camber, and reaerward location of the meximum camber point (see surveys 125, 126, and
118).

j12. Loftin, Laurence K., Jr., and Smith, Hamilton A.: Aerodynamic Characteristics
of 15 NACA Ailrfoil Sections at Seven Reynolds Numbers from 0.7x108% to 9.0x1086.
NACA TN 1945, 1945.

The two-dimensional serodynamic charecterlstics of ten NACA 6-serles sections
end five NACA 4-digit and 5-diglt series airfolls are presented. The data show the
effects of systematic verlstion in airfoil thickness, thickness distribution, and
camber at each of seven Reynolds nurbers eovering the renge from 0.7x106 to 9.0x106,
The meximum Mach mumber was 0.15, and correction factors were applied for the boundary
layer. The tests were conducted on both smooth and rough surfaces.

The results show that the drag coefficient at design coefficient of 1ift condl-
tions and the meximm coefficient of 1ift are the most important aerodynamic charsc-
tersitics effected by Reynolds mmber verlations. For all the airfolls tesited, the
drag coefficlent at design 11ft increases as the Reynolds number decreases at all
conditions. For smooth NACA 6-series sirfolls, the drag-coefficient increase becomes
larger as the girfoil thickness Inereases, and as the position of minimum pressure
moves rearward on the basic thickness form st zero 11ft. For both rough surfaces
and lower Reynolds numbers with smooth surfaces, there is no reduction in the minimum
drag by use of the 6-series in lieu of the 5-series airfoils.

As the Reynolds numbers were decreassed, the maximmm 1ift for all the airfoils
decreased in unpredicteble fashion. In general, the extent of the low-drag reange
increased for the smooth 6-serlies alirfoils as the Reynolds number decreased. For all
airfolls, the extent of the low-drag range was greater than predicted theoretical
values at the lower Reynolds numbers.

Some decrease of lift-curve slopes was cbserved as the Reynolds numbers de-
creased, but the engle of zero 1ift appeared almost independent of Reynolds number.

113. Schaefer, Raymond F., and Smith, Hamilton A.: Aerodynamic Characteristics of
the NACA 8-H-12 Airfoil Section at Six Reynolds Numbers from 1.8x106 to
11.0%106, NACA TN 1998, 1949.
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Similar to the materiasl presented by survey 112, the NACA §-H-12 airfoil was
tested both smoocth and roughened. Section 1ift, drag, and. pltching-moment coeffi-
cients were obtained for a range of six Reynolds numbers from 1.8x106 to 11. OXlOS,
end the results are compared with data on NACA 0012 and NACA 23012 alrfoll sectiocus,
Poth commonly used in rotor blades.

No unusual scale effects were observed for the smooth 8-H-12 blades over the
Reynolds number range. Except for an adverse scale effect on the drag in the range
of Reynolds mumbers between 2.6x108 and 3. Oxlo6 the same is true for the roughened-
edge airfoils. This effect is .attributed to differences in the extent of roughness
employed at those Reynolds rmuibers.

114. Smith, Hemllton A., and Schaefer, Raymond F.: Aerodynamic Characteristics at
Reynolds Numbers of 3.0x108 snd 6.0x108 of Three Airfoil Sections Formed by
Cutting OFff Various Amounts from the Rear Portion of the NACA 0012 Airfoil
Section. NACA TN 2074, 1950.

Alrfoll sections were formed by cutting off 1.5-, 4.0-, and 12.5-percent chord
from the trailing edge of the NACA 0012 airfoll section._ The 1.5- and 4.0-percent
cases were tested at Reynolds numbers of 3.0x106 and 6. oxlos, and the 12.5-percent
case was tested at a Reynolds number of 6. 0%106, The 1. S5-percent case was then
roughened by having rivet heads attached neer the trailing edge and tested, and tun-
nel well and boundary-lsyer correctlons were applied. The tests were conducted at
low Mach numbers. .

As the trailing-edge thickness Increased, the maximum section 1lift coeffilcient
veried little for the smooth condition but increased for the roughened conditicn, and
the section drag coefficient increased uniformly over a wide range of Lift coeffi-
cients.

The value of quarter-~chord pitching moment at zero angle of attack remained ap-
proximately zero with increasse of trailing-edge thickness, but the aerodynamic center
moved rearwerd.

115. Amick, James L.: Comparison of the Experimental Pressure Distribution on an
NACA 0012 Profile gt High Speeds with That  Calculated by thé Relaxation Method.
NACA TN 2174, 1950.

Pressure-distribution measurements were made on an NACA 0012 eirfoil (5-in.
chord) at zeroc angle of attack for a range of Mach numbers up to 0.75. The date are
compared with calculations made by a relaxation method. At the lower Mach numbers,
good agreement was achieved between the experimental and theoretical values, the
spread in values increasing with Mach number. At the highest Mach number, the agree-
ment was poor, perhaps as a result of the probgble cccurrence of weak shocks. At
Mach number 0.7, the pressure distribution, calculated by applying the von Kérman-
Tsien compressibility correction to the relaxation solution for the airfoll at zero
Mach number in free alr and modifying for tumnel constriction, approximates falrly
well both the experimental pressure distributions and the relsxation-method pressure
distributions for the airfoll in free air modified for tunnel constriction. = _ -
116. McCullough, George B., and Haire, William M.: Low-Speed Characteristlcs of

Four-Cambered, 10-Percent-Thick NACA Airfoll Sections. HNACA TN 2177, 1950.

The stalling characteristics of csmbered airfoll sections, as affected by NACA
0010 and 64A010 basic thickness distributions, were investigated at low speeds and
at Mach numbers of 0.131 and 0.187, The lift, drag, pltching-moment characteristics,
and chordwise dlstribution of pressure were obtained for 10-percent-thick sections of
these thickness distributions, each cambered with the same type mean line for design

1ift coefficlents of both 0.3 and 0.8.

e mae - mm P . - -
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The results Indiceted that stall was affected little by the changes of thickness
distribution but was affected by the camber. Visuel indlcations by means of tufts
showed thet the stall of sectlons cembered for ideal 1ift coefficlent (0.3) resulted
from sepaeration from the leading edge, which occurred almost immedistely after the
appesrance of turbulent seperation at the trailing edge. With sections cambered for
idesl lift-coefficient (0.8), the turbulent separation from the trailing edge pro-
gressed elmoet as far forward as the 7Q0-percent-chord station before laminar separa-
tion occurred at the leading edge. The NACA 00l0-series sectlons hed higher maximm
1ift then the NACA 64A0l10-series pections, but the difference was smseller between the
more highly cambered sections. The maximum lifte of both series were reduced by sur-
face roughness. The effects of Reynolds pumber variations on maximm 1ift were small
for the range investilgated.

117. Douglas, Ola: A Serles of Low-Drag Aerofcils Embodying a New Camber-line.
R. & M. No. 2494, British A.R.C., 1947.

A method developed in 1947 is applied to the design of camber lines. Better
than the constent-load type, the new camber line includes larger values of 1lift-
coefficient range and leading-edge curvature. HRumerical methods are described which
use Hollerith punch-card machines. A series of eirfolls was designed and thelr char-
acteristics displayed. '

118. Ven Dyke, Milton D.: High-Speed Subsonic Charecteristics of 16 RACA 6-Series
Alrfoil Section. NACA TN 2670, 1852.

The high-subsonic speed characteristics were measured for NACA 63-, 64-, 65-,
end 66-series airfoll sections with thickness ratlos of 6, 8, 10, and 12 percent and
ideal 1ift coefficient of 0.2.

Only slight impairment of the high-speed sectlon drag characteristics results
from movement up to 40 percent of chord forward of the position of minirmm base-
profile pressure. The decrease of lift-curve slope and the increasse of angle of zero
1lift are delayed further beyond the critical Mach mumber. Therefore, for the 6-series
alrfoll sections with given thickness ratio, the optimum sections are obtained with
the minimum-pressure polnt near 40-percent chord (see surveye 125 and 126).

The high-speed drag charsascteristics of the ailrfoil sections could he improved
only by decressing the thickmness ratio, which led to a reduction In the range of
coefficient of 1ift less severe than hed bheen predicted. Bven the thinnest sections
maintained good high-speed performence over a wide range of 1ift coefficient.

B. BSTATIONARY BLADE RCWS

119. Kentrowitz, Arthur, and Deum, Fred L.: Prelimlnsry Experimental Investigation
of Airfoils in Cascede. NACA WR L-231, 1942. (Supersedes NACA CB.)

An experimentael study was made at very low flow speeds through a stationary
cascade of 65 2-81lQ blower-blade sections. The solidity was 1.0, the stagger 45°.
The turning-effectiveness, pressure-distrlbution, pressure-rise, and 1ift esnd energy-
loss characteristice were evaluated.

The turning angle for cascades of small-csmber bledes with solidity neer 1 is
approximately the blade angle of attack less the angle of attack for zero 1ift of
the isolsted airfolil. A large part of cascade losses 1s associated with flows slong
the channel wglls end particularly with & reglon of slow air near the jJunctures of
the blade convex sldes with the walls (see surveys 230 to 234).
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120. Zimmey, Charles M., and Leppl, Viola M.: Data for Design of Enfrance Vanes
from Two-Dimensional Tests of Ailrfoils in Cascade. NACA WR L-188, 13845.

A series of blower-~blade sectlons was developed for turning air efficlently
from Q° to 80°. Tests were made of five NACA 65-series blower blades and of four
experimentally designed blower blades. The turning effectiveness and pressure dis-
tribution of the blades were evaluated by statlionary csscade tests of the blades at
soliditles nearly equal to 1 and at low Mach rmumbers.

Entrance-vane design cherts, based on the two-dimensional-cescade tests, are
presented for designing a blade section at a specified angle of attack with any
degired turning engle. These blades operate with peak-free pressure distributions.
The criticel Mach numbers can be calculated spproximately from the preesure
distributions.

121l. Bogdonoff, £. M., and Bogdonoff, H. E.: Blade Design Data for Axial-Flow Faus
and Compressor. - NACA WR L-635, 1945.

An experimentel investigation was conducted to obtain blade design data sultable
for high~efficiency axial-flow fans and compressors. The tests were conducted in &
low-speed two-dimensional-cascade tunnel at Mach muwbers of sbout 0.1 and at Reynolds
numbers of abcout 300,000. Boundery-layer suction slots were used. Effects of ceamber,
solldity, end stagger on the blade turning angle and shape of pressure-distribution
curves were studied for a family of five low-drag silrfolls. The airfoll cambers were
varied to obtain &g range for a free-air 1ift coefficlent from zero to 1.8. Tests
were then made at stsgger angles of 45° and 60° and at solidities of 1.0 and 1.5.
From these tests, blade deslgn charts were prepared to give the cember and angle of
ettack setting for any desired turning angle. Blades thus chosen have nearly flat
pressure-distribution curves. B8ome blades tested in a single-stage blower reached
theilr maximum efficiency for operation near the flat pressure-distribution range.
Empirical equations are presented by which the performance of eirfoils in similar
cagcades can be predlcted sufficlently accurately for blade design purposes.

122. Katzoff, 8., Bogdonoff, Harrlet E., and Boyet, Howard: Compearisons of Theoret-
ical and Experimental Lift and Pressure Distributions on Alrfoils in Cascade.
NaCA TN 1376, 1947. )

One cascade of turbine blades, two cascades of entrance vanes, and three cas-
cades of blower blades nsing NACA 6-serles sirfoll sections were tested. Most of
the experimental deta vwere taken from surveys 121 and 120. The &xperimentally ob-
served 1ift coefficient was smaller then that calculated theoretically. These dif-
ferences were grester in cascaedes than the corresponding differences in theoreticsl
and experimental 1ift coefficlents for isolated eirfoils. The experimentally and
theoretically determined pressure distributions also differed. However, when the
theoretical 1ift was made to equal the experimental 1ift (by ignoring the Kutta con-
dition or other methads), the pressure distributions agreed fairly well. The dif-
filculties may have resulted from end effects, and the pressure distribution on =

blade section in an actual blower may be considerasbly different -from that in a cascade.

123. Bogdonoff, Seymour M.: KACA Cascade Data for the Blade Deslgn of High-
Performance Axlal-Flow Compressors. dJour. Aero. 8ci., vol. 15, no. 2, Feb,
1948, pp. 89-96. .

The important blede design parameters (l.e., turning angles or loeding), deslgn
angles of attack, and critical speed were evaluated. Tests made in two-dimensionel
cascades at low and high alrspeeds show that the data obtained in the low-speed
tunnel vere suitable for high-speed conditions and for blades mounted in a rotor.

It is estimated that the number af compressor-stages currently required could he

halved by using highly loaded bledes.
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124. Katzoff, S., and Hannsh, Margery E.: Further Comperisons of Theoretical and
Experimental Lift and Pressure Distributions on Airfoils in Cascade at Low-
Subsonic Speed. NACA TN 2391, 1951. '

In this report, which supplements survey 207 and extends the results of survey
i22, the 1ift and velocliy distribution are compared for five highly cambered
compressor-type blades of the NACA 6-series. Improved experimental data-taking
techniques (survey 207) resulted in obtaining closer agreement between theoreticsl
and experimental velues. At Reynolds punmbers of 250,000 and inlet velocities of
ebout 95 feet per second, the experimentel 1ift coefficients were less thsn the theo-
retical. - The differences werée larger for the more highly cambered blades and high-
pressure-rise conditions. The pressure distribution calculested by equating the cir-
culetion to the experimentel value and neglecting the Kutta condition sgreed with
the experimental distribution, provided the boundary layer did not separate.

125. Carter, A. D. B.: Some Tesis on Compressor Cescades of Related Aerofoils Having
Different Positions of Maximum Cember. Rep. No. R.47, British N.G.T.E., Dec.
1948. ‘ ‘

Experimental Investigations show that blades having thelr position of maximm
camber well forward have & wide operating range and high choking mess flow but &
low critical Mech murber, based on drag rise. Shifting the position of maximum cem-
ber rearwerd nerrows the working range but at the same {ime increases the critical
Mach number, thus ensbling increased work output for the corresponding compressor
stage. o B

The position of meximum cember at 50-percent chord is a fair compromise (see
survey 118). In actual compressor stesges where secondary-flow effects may be large,
these results may not apply.

126. Carter, A. D. 5., and Hughes, Hazel P.: A Theoretical Investigation into the
Effect of Profile Shape on the Performaence of Aerofoils in Cascade. R. & M.
No. 2384, 1950, British A.R.C.

A limited theoretical investigation was conducted 1nto the effects of profile
shape on the performance of alrfoills in two-dimensionasl cascades. Pargbolic- and
circular-arc cambers were compared. The optimm meximm-thickness pogition and the
deslireble maximum thickness were llkewise investigeted. At low flow speeds, the
perebolic-arc camber hed s larger working range and was superior to the circular-arc
carber girfoil. At high speeds, the circular-arc camber is better, because of the
low eritical Mach number of a parsgbolic-arc camber airfoil.

Moving the maximum-thickness position reaxrward helps by railsing the critical
Mach nurber but hinders by meking the low-speed performance worse. The most suitsble
compromise for the best combination of good working range and fairly high critical
Mach mumber appears to be with the position of maximm thickness st 40 percent of
chord (see surveys 125, 111, and 118). Maximum thicknesses greater than 10 percent
were found undesirable for cascade use.

127. Marcinowskil, H.: Messungen an Axiaslen Schaufelgittern fiir Verzdgerte
Stroming. J. M. Voith (Heidenheim), VI.-13-105, Mar. 1946. (Cascades
of Airfoils in Axial Compressors.)

An investigation was made to determine the best blading for the last stator
rows of miltistage axisl compressors. The effects of carber ratio, Reynolds number,
and. Mech mumber variations are plotted ss curves of 1ift coefficlent agsinst angle
of attack. Results Indicate the desirgbility of using thinner blades at lower
solidities.
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128. Shimoyeme, Yoshinori: Tests of Cascades of Alrfolls for Retarded Flow. RACA
™ 1190, 1947.

Wind-tunnel tests were conducted on airfoll cescades in decelerating flows
corresponding to conditions in an sxliel-flow compressor rotor. §Single-airfoll re-
sults in terms of 11ft and pressure-drag coefflclents compare favorably with results
from tests on mean sectious of the airfoils in cascade.

129. Weinig, F., and Eckert, B.: Measurements on Compressor-Blade Lattices. NACA
™ 1183, 1948. '

Results of tests on the effects of Mach number on compressor blade 1lift and
drsg are presented. The flow directions were indicated visuelly upstream and down-
stream of the cascade by means of streamers. Because short blades were used, the
influence of the boundary leyer on both the inner and outer walls of the clrcular
cascade tunnel was considerseble. Plots are presented of the curves of 1lift coeffi-
cient against sngle of sttack and drag coefficlent.

130. Davis, Hunt: A Method of Correlating Axial-Flow-Compressor Cascade Data.
A.S.M.E. Trans., vol. 70, no. 8, Kov. 1948, pp. 951-955.

An empirical method 1s developed for correleting wind-tunnel tests on two-
dimensionel airfoll cascades. Two correlation charts relating camber, solidity, and
stagger angle with entrance angle and turning angle are presented. Given any four
of these varisbles, the fifth cen be found by mesns of the charts. The construction
of the charts is expleined, and the sample set (for NACA 4-digit series) provided
was based on tesis of 40 different cescades at low Mach numbers. The sample set can
be used directly for Mach nmumbers less than 0.4. Tor subsonic Mach numbers greater
than 0.4, a simple computation scheme based on Eckert®s adeptation of the Prandtl
correction 1s provided to correct the sclution. For each chart all the profiles
belong to one family of alrfolls; a new chart would be required for each new family.

Because -the profile drag 1s not explicitly involved, 1t may require several
triels of camber, solidity, and stagger variations to get—an ailrfoll with satisfac-
tory drag charscteristicsa.

131, Ackeret, J., and Rott, H.: iiber die Strémung von Gasen durch ungestaffelte
Profilgitter. Schweiz. Bsuzeitung, Jahrg. 67, 1949, pp. 40-41; 58-61. (Con~
cerning the Flow at Gases Through Non-Staggered Grids.) N

Symmetrical airfolls were Investigated et flve angle settings for a range of
thickness ratios. The measurements lIncluded total and static pressures behind the
tralling edges and static pressures on the alirfoll surfaces and at the plane of
symnetry between the airfolla. Schlieren patterns axre presented of the shock for-
metions, and formules for choking Mach numbers and maximum drag are derived. Theo-
retical and experimental results agreed well.

132. Sawyer, William T.: Experimental Investigation of a Btationary Cascade of
Aerodynemic Profiles. Mitt. aus d. Inst. £. Aero., Heft. 17, Zurich, 1949.

The effects of Reynolds number and turbulence on typlcal turbine blading were
studied. A two- and three-dimensional exXperimental evalustion of the continuum-
cascade method (survey 245) of blade deslgn is made. All tests were conducted at
very low Mach mumbers, 0.1 or less, for sumall pressife changes across the cascade.
Hence, the flow 1s considered incompressible., "An experimental correlation 1s made
aof the static pressures at blade midspan and of the blade forces.

L
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The results and conclusions are as follows: (1)} Direct measurements of cascade
blade forces by use of a sultebly accurate balance was found feasible; (2) a valld
practical blade efficlency in terms of force components was defined for the cascade,
which was used to reflect the influence of the flow varisbles investigated; (3) the
minimum Reynolds number for sstisfactory cascade performance was identified with
1iPt breskdown; (4) various meane of observing boundary-layer transition snd sepera-
tion gave conslstent results; and (5) the two-dimensionsl flow theory (survey 245)
was confirmed, a cascade produced according to this theory having & mean turning
angle within 1.1 percent of the desired turning angle. Discussions are presented
gbout blade wekes, loss, turning angles, flow elong blede surfaces, and tip~clearance
effects.

153. Finger, Harold B., échum, Harold J., end Buckner, Howard A., Jr.: Experlmental
end Theoreticel Distribution of Flow Produced by Inlet Quide Vanes of an Axial-~
Flow Compressor. NACA TN 1954, 1949.

The performasnce of the inlet gulde vanes of a multistage axlal-flow compressor
was Investigated experimentally snd compared with the performance predicted on the
basis of a cylindrical-cascade evaluation method. Experimentally, the outlet flow
angle was found to be independent of the welght flow. The deviation angle increased
near the hub and tip but remained constant over the maln portion of the blades. For
camber angles greeter than 30° in this configuration, a critical Mech number was
attained et a weight flow of 38.9 pounds per second per squere foot, at which the
1ift coefficient begins to decrease with increasing Mach number. The magnitudes of
the flow velocities out of a blade row are calculated theoretlcally when given the
flow engle end the total-enthalpy distributions. The method involves relations ob-
tained from the energy, continuity, and simpliflied-radiasl-equllibrium conditions.

134. Constant, H.: Rote on Performance of Cascades of Aerofolls. Note Ko. E.3696,
British R.A.E., June 1939.

The performance of a cascade of airfolls ls expressed in terms of deflection of
the flow and total-pressure loss. The design of blading for an axial-flow compressor
is besed on a radius at which 50-percent reaction occurs. Under such conditions,
Constantts empirical rule is & = 0.286 f\/a/c, where & 1s deviatlion angle, 8 is
pltch, eand ¢ is chord. The effect of stagger is small.

135. Lieblein, Seymour: Turning-Angle Design Rules for Constant-Thickness Circulaer-
Arc Inlet Gulde Vanes In Axiel Annuler Flow. NACA TN 2179, 1850.

A survey of data taken from several axiel-flow-compressor inlet gulde vanes
leads to the establishment of a linear relation between the vane cember and air-
turning angles. The gulde vanes were clrcular-arc, constant-thickness-section air- .
foils operating at zero angle of incidence for a range of solidities from 1.4 to 1.7.
The 1nlet Mach number was 0.3, the convergent annular sasres ratlo varied from 0.86 to
0.95, @nd the turning angles varlied from 12° to 40°. Cascade test data were obtained
from survey 120. -

The linear relation of air turning angle O with vane camber angle ¢ at zero
incidence ig given for turning angles from 10° to 41° by 6 = 0.985¢ - 9.7. By cor-
recting the turning-angle dsta to constant exial velocity on the besls of the inlet
velocity and sssuming constent circulation, a design rule sppliceble for a wide range
of axial-velocity ratio across the venes 1s obtained:

6 = - 0.0087¢2 + 1.4920 - 13.87
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For venes &t Incidence angles Yy unequal to zero, the turning angles for both
variations cen be spproximeted for incidence sngles from -10° to 5° by using
d8/dy = 0.88 for cember angles between 25° and 40°.

136. Morterino, C.: Esperimenti su una schiera di polettagl per compressore.
L'Aerotecnis, t. XXX, no. 2, Apr. 15, 1950, pp. 59-72. (Experimente on &
Cascede of Blades for Compressors.)

The experimental results of measurements made on a cascade of blaedes are pre-
sented. The experiments had three objectives: (1) to describe devices and proce-
dures determining the characteristice of blade cascades as a bBasls for axial-flow-
compressor design, (2) to compare experimental results with theory, and (3) to obtain
data for the design of nose sections and dasta concernlng energy losses, the influence
of boundary layers, and tlp clearance.
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The experiments were conducted in the incompressible-flow range st Mach numbers
of about 0.17 and Reynolds numbers of gbout 400,000 for a raenge of stagger and in-
cidence angles. The serodynamic cheracteristics were cobtalned by determining the
forces from the measured pressure distribution arcund the profile and by applying
momentum conslderations to measurements of velocities upstream and downstream. Flows
on the surface were traced by the use of droplets of oil paint. _

The experiments showed clesrly the three-dimensional nature of the flow. Theo~
retical and experimental agreement were obtalned when the measurements were corrected
for the convergence of the streamlines (Ferrari correction, surveys 2 and 3). The
tip-clearance tests Indicaeted thet small tip cleasrances are deslrable (see survey
230). .

137. Mortarino, C.: Esperimentl su alette in schiera per funzionamento a turbilna.
L'Aerotecnia, t. XXXII, no. 4, Aug. 1952, pp. 192-205. (Experiments on
Blade Cascades for Turbines.)

Tests for further experimental investigation of the Ferreri correction for
streamline convergence (see survey 136) were conducted in the incompressible-flow
range with & Mach number 0.17, Reynolds nunmbers about 400,000, and gap-chord ratio
of 0.7. Flow surveys and flow-visualization methods were used. Many diagresms are
presented of 11ft and drag coefficients and turning sngles.

Comparisons with the Ferrari formules indicate that there 1s good agreement
between the calculated and experimental slopes of 1ift coefficlent curves. Curves
of the drsg coefficient agelnst 1ift emphasize the great difference in performance
between blades In cascedes end as isolsted alrfoils. For the tests conducted on
cascades, the profile peak efficlency point wes the point of maximum 1ift.

138. Briggs, William B.:" Efféct of Mach Number on the Flow and Application of Com-
preesibility Corrections in a Two-Dimenslonel Subsonlc-Transonic Compressor
Cascade Having Veried Porous-Well Suction at the Blade Tips. NACA TR 2648,
1952, ’

Tests were conducted on NACA 65-(12)-10 blades using the porous well technigues
of survey 207 and extending the applicetion into the compressible-flow range. The
inlet flow Mech numbers ranged from 0.12 to 0.89. Boundary-layer suction slots were
provided on the walls ahead of the cascade, and porous walls were used near the blade
tips. The boundary-layer removal wes contralled to satisfy (as measured experimen- .
tally) the two-dimensionsl continulty relation upstresm and downstream of the cascade,
The experimental detae presented include variations of turning angle, wakes, pressure
distribution, and static pressure with Mach mwber, with and without boundery-layer
control.
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The well boundary-layer effects can be removed with suction, and good centerline
egreement can be obtalned experimentally in the stationary cescade with theoretical
values and values Obtained in rotating cescades. Where suction was gpplied to a cas-
cade of blades with an aspect ratio of 4 to 1, 1little effect was noted on the wake
et midspan. However, large effects were noted on the secondary flows, and the total-
pressure loss measured at midspen was somewhat reduced. The use of suctlon stebilized
the location of the stagnetion point eand decreased the shift of the peak pressure co-
efficient as the Mach numbers Increased.

For turning-engle data alone, high-speed tests or suction are not needed if con-
figurations with 4 to 1 blade aspect retio ere used. When ettempts were mede to
correlate pressure-distribution varlations with Mach number, the low-speed data could
be correlated only fairly well with high-speed data by means of various correction
methods. The compressibility correctlon methods used were the Prandtl-Glauert rule,
the Kérmén-Tsien rule, and the euthor's vector mean-veloclty contraction coefficient.
No consistently good agreement was obtained for eny of the rules.

133. Prince, David C., Jr.: Performence of a Cascade Designed for Prescribed Loading.
Preprint No. 52-SA-40, A.S.M.E., 1952.

Correction factors spplied to potentlel-flow design methods were evaluated in
order to correlate the performance of cascedes in real and idesl fluids for axial-
flow-cotpressor blade design. The tests were conducted et a Mach mumber of gbout
0.1 and a Reynolds number of sabout 180,000. Boundary-layer suction was gpplied, and
spollers were used to provide turbulent boundary layers. The cascade was designed
for s flat pressure-distribution curve on the blede suction surfaces.

However, the flat pressure-distribution curve was not achieved. Many boundary-
layer end secondary-flow problems were incurred and largely unresolved. (Even under
good conditions the resl flows at low Reynolds mmbers did not approach theoretical.)
With 1lncreasing engle of attack, the experimental-flow lift-coefflclent deficlency
and the downstream angle devistion Increased when compared with the theoretical
potential flow. Falr correletlion was obtained between the pressure distributions.
There was a high ratio of resl-fluld to potentisl-flow circulation.

140. de Haller, P.: L!'Influende de l'epzisseur du profil sur les characteristiques
de grilles., Bull. Tech. de Te Suisse Romande, t. 79, no. 9-10, Mey 16, 1953.
(The Influence of the Profile Thickness on the Characteristics of the Casceade.)

The variations in blade profile thickness account largely for the discrepancies
between various approximation theories and the experimental values obtained for ailr-
Poll cascade parameters. Friction and boundery-lasyer effects were not included in
the theory developed, as they do not eccount for the diserepancies.

141. de Heller, P.: Deas Verhalten von Tragflugelgittern in Axlslverdichtern und in
Windkanel. Brennstaff-Warme-Kraft, Bd. 5, Heft 10, Oct. 1953, pp. 333-336.
(The Behavior of Aerofoll Grids in Axial Compressors and in & Wind Tunnel.)

Data obteined from two-dimensional grids are applied to axial-flow-compressor
design, and the data provide relighle Information, if no lateral contraction of the
flow occurs through the grid. Many fline compressors and turbines have been designed
on the basis of two-dlmenslionel cascede data, even for flow velocities up to Mach
numbers of O.84.

142, Stenitz, John D.: Effect of Blade-Thickness Teper on Axial-Veloclty Distribu-
tion at the Leading Edge of an Entrance Rotor-Blade Row with Axial Inlet, and
the Influence of This Distribution on Alinement of the Rotor Blade for Zero
Angle of Atteck. NACA TN 2986, 1853.
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A nonuniform axial-velocity distribution may be the result of many factors,
some of which are as follows: (1) boundary layer on the hub and casing, (2) curva-
ture of the hub and casing, (3) blade curvature, (4) radial varistious in angle of
attack, and (5) blade taper (radiel veriation of blade thickness}. This report in-
vestigetes only the last factor. The effect of blade-thickness taper on the inlet
axlal-veloclty distribution of an entrance rotor blade row with axlial inlet flow le
studied. The investlgation includes compressible and incompressible nonviscous flows
into an entrance rotor blade row with tapered bledes and & two-dimensional cascade,
respectively.

For the conflgurstion at hand, blade taper hed & large effect on the inlet de-
viation angle. The effect of compressibility was smell, except at the hub, end the
upstream relative velocity also had little effect.

143. Schlichting, Herman: Problems and Results of Investigations on Cascade Flow.
Jour. Aero, Sci., vel. 21, no. 35, Mar. 1954, pp. 163-178.

A summery of theoretlcal and experimental research results on the flow through
two-dimensional cescades is presented. Solutions of the direct and inverse problems
of two-dimensional incompressible flow ere ¢btalned by a method of singularities.
The subsonic compressible solutione are obtained by an extension of the Prandtl-
Glauert rule. Using boundary-layer suctlon slots to keep the flows two-dimensional,
experimental checke are provided for the theoreticsl results.

Annmuler caescades of untwisted blades and various hub-tip radius ratlos were
likewise investigated and results compared with two-dlmensionsl tests. For
eylindrical-walled cascades, the effects of radlal divergence (veriation of solidity
with radius) on the pressure distributions and local loss coefficients are extremely
small. In this regard, the two-dimensional viscous flow through cascades wes treated
by epplying boundary-leyer theory to obtaln theoretical data for the loss
coefficlients.

C. ROTATING BLADE ROWS

l44. Weske, John R., and Marble, Frank E.: Characteristics of Airfolls in a Cylindric
Axial-Flow Grid. Jour. Aero. Bei., vol. 10, no. 8, Oct. 1943, pp. 289-294,

An experimental investlgation was conducted upon rotating cylindrical exial-flow
cascades. Measurements were taken of the pressure distribution at the alrfoil mid-
sectlons for several blade spacing and angular settings and various operating condi-
tions. The data were usged to determine the blade 1ift cheracteristics. The possi-
bilities of supplementing the pressure-distribution measurements by weke traversea
in order to celculate the profile drag were explored.

For blades with a given twist, constant circulastion spanwiee may he maintelned
at only one particular value of mid-section 1i1ft coefficient. The followln results
were obtained for small veriations of the mid-section 1ift coefficlent: (l
1ift characteristics et the mid-sectione of blades of large pltch-chord ratios com-
pare well with the 11ft characteristics (e.g., with respect toc the angle of attack
for zero 1ift and the lift-curve slope) of the same airfoil section in indefinite
flow and infinlte aspect ratio. (2) The maximum 1ift coefficlent of & sectlon in &
widely spaced grid is larger than the meximum 1ift coefficlent in Infinite flow in _
a wind tunnel. This effect is perhaps due to centrifugal dc¢tion on the blade boundary
layer. (3) The angle of sttack for zero lift increases as the pitch-chord ratio de-
cresses. (4) The slope of the 1lift curve increases as the pitch-chord ratio
decresses. LT e T
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The lest two resulis ere perhaps sttributeble to the interference of neighboring
blades due to circulaetion and blade-thickness effects. Because skin friction wes
neglected, the functional relation obtained between the 1ift coefficlent and the
engle of attack is oniy a flrst approximation. The wake traverses can be used to
supplement the pressure-distribution meesurements, particularly with regerd to pro-
file drsg, if the flow surveys include measurements of flow direction and velocity.

145. Marcinowski, H.: The Significance of the Measured Lattice Characteristies for
Calculetion. and Design of Axial Flow Turbines and Compressors. (Vol. 13 of
ser. of articles on Compressor and Fen Design written by German engineers,
coordinated by BUSHIPS 338, Navy Dept. (Washington, D.C.), May 19486.)

Two-dimensional flow through cescades was investigated to compere the maximm
1lift coefficient and the slopes of curves of 1ift coefficlent against angle of mttack
and others for lsolsted and cascade airfoils. ILoss measurements were teken and loss
coefficients are discussed. Rotor throttling curves and loss coefficients are pre-
sented and discussed. in terms of the choices of paremeters (i.e., profile, canmber,
stagger angle, etec.) involved in rotor blade design. The discussion is gualitative
and inconclusive.

146. Davis, Hunt: Use of Cascade Tests, Airfolil Teste, and Single Stege Tests for
Determination of Axial-Flow Compressor Design. BUSHIPS, Nevy Dept. (Washington,
D.C.), June 1948.

The performance data obtalned by csscede tesis are limited in value because of
the differences between stationary and rotating conditions. 8Single-alirfoil and
single-stage tests neglect the mutual interference effects of nelghboring airfoils.
Neither the turbulence factors nor the boundery-layer effects at the blade tips are
teken into account. Nevertheless, each of the three tests, cascade, airfoil, and
single-stage, gives some useful data and design information.

147. Runckel, J. F., and Davey, R. S.: Pressure-Distribution Measurements on the
Rotating Blades of a Single-Stege Axial-Flow Compressor. NACA TN 1189, 1947.

Pressure-distributions were measured sbout the mean-radius section of rotating
blades at a blade Mach number of 0.35 with an RACA multicell rotating pressure-
transfer device. The lift-curve slope was found to be lower than the values esti-
meted theoretically from compareble two-dimenslonal cascades. The need for and use
of cascade test data to determine blade-angle settings are shown.

Stelling of the flow was found to originate at the roat and tip sectlons be-
cause of casing boundery layers, lmproper blade twilst, and large clearances. The
stalling occurred sooner (lower outlet pressures and higher weight flows) than ex-
pected from isolated-alrfoll maximm-11ift data.

148. Pochobradsky, B.: Effect of Centrifugal Force in Axial-Flow Turbines. Engl~
neering, vol. 163, no. 4234, Mar. 21, 1947, pp. 205-207.

Conditions are esteblished for obtaining constent mass flow per unit area at
the exit of turbine-nozzle disphregms. The losses are assumed small, and the redial
increments of pressure due to centrifugal force snd compressibility are taken into
account. Specific examples are given of the radisl varietlions of exit flow angles.
Free-vortex flow was found to regquire a radial shift of streamlines.

149, Bogdonoff, Seymour M., and Herrig, L. Joseph: Performance of Axial-Flow Fan
and Compressor Blades Designed for High Ioadings. NACA TN 1201, 1947.
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Four rotor blades of free-vortex flow design with design pitch sectlon 1ift
coefficient from 0.31 to 0.99 were tested. The biades were deslgned for higher pesk
loading than were in use at the time of the report, Yaw angles and pressures were
surveyed. The blades gave & maximum peak efficlency of around 96 percent. ILow load-
ing ceaused a decided drop in peak efficiency. I€ading-edge roughness caused a drop

in both the efficiency (from 2% to 3 percent) and pressure rise (from 11 to 15 per-
cent) at the design point.

With solidities near 1, design 1ift coefficlents spproaching 1l can be used with
high efficiencles. A maximum 1ift coefflcient of at least 1.4 1s obtalnable. The
measured performsnces were close to those obtained in survey 121.

150. Bogdonoff, Seymour M., and Hess, Eugene E.: Axlal-Flow Fan end Compressor
Blade Design Datae at 52.5° Stagger and Furiher Verification of Cescede Data by
Rotor Tests. NACA TN 1271, 1947. i

In an attempt to increase the accuracy of exlsting design charts and to measure
their precision, cascade and blower tests were conducted to obtain the performance
of blades in a rotating configuration. The report follows survey 121. The tests
are conducted on NACA 85-410, 65-810, and 65-(12)10 bloweerlade sectlons at solidi-
tles of 1.0 and 1.5.

Cross plots show that over = range from 44° to 659, the turning angles predicted
on the basis of cascade tests are within 1/2 percent of those obtained in the rotat-
ing setup. The high loading of the NACA 65-(12)10 blades appears tc be a limit be-
yond which cascade-tunnel data are questioneble, For blades with higher loading,
slight chenges in tunnel adjustment mey produce tunnel-wall stall and greatly change
the blade performance. For these reasons, data cbtalned for NACA 65-(18)10 blades
have been Omitted.. - -as Tl . A

151. Herrig, L. Joseph, and Bogdonoff, Seymour M.: Performance of an Axisl-Flow
Compresgor Rotor Designed for a Pitch-Section Lift Coefficient of 1.20. NACA
TN 1388, 1947. -

Compressor blades with higher cambers than could be tested successfully in
survey 122 were tested in a single-stage blower. Low-speed tests were made of the
highly cambered blaedes in an axial- flow—compressor rotor with no guilde vanes or
stator blades, with uniform inlet-velogity distribution, end with litile boundary

layer. Under these conditions, rotor efficiencles of 96 percent were obtained for
blades with a mean 1ift coefficient of 1.2.

In more detall, the rotating tests showed an Increase in deglgn loading to be
possible, causing the pressure ratio per stege to increese while maintaining a good
operating range and a 96-percent pesek efficiency. Deviations of the peak efficiency
from the design point indicate that optlmum performance of highér camber sections
would occur et lower angles of attack. At & _Bolidity of 1.0, &n n average lift coef-

ficient of 1.2 can be obtained with good efficilency, and meximum 1ift coefficients
gbove l.4 are indicated.

Bxtreme leading-edge rotghness caused an efficlency drop of 3.5 percent and an
ll-percent drop in pressure rise at design conditious.

152. Bogdonoff, Seymour M.: N.A.C.A. Cascade Detae for the Blade Design of High~
Performence Axial-Flow Compressor. Jour. Aero. Sci,, vol. 15, no. 2, Feb.
1948, pp. 89-95.

3686
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The results of this investigetion indicate that information on turning angle and
design angle of attack obtained in low-speed itests can be used for high-speed design.
The Mach nmumber for critical speed turned out to be 4 to 5 perceént higher than ob-
tained by the Kérmén-Tsien extrapolation. Extrgpolation of low-speed rotor test re-
sults to. compressor stages operating at efficlencies of 90 percent snd below a crit-
ical Mach number Indicates an obteineble pressure ratio of 1l.4. Increased compressor
performance can be obtained by use of 6-percent-thick tip-section blades instead of
10-percent-thick blades. The limiting Mach number is 3 to 4 percent higher for the
8-percent-thick blades.

153. Khalil, K. H.: Wind Tunnel Investigatlons on Rotating Blades of Aerofoll Sec-

tion. Proc. Inst. Mech, Eng., vol. 166, 1952, pp. 419-428.

This investigation was to enable the use of static tests for rotating design.
The pressure end 1ift charscteristics of rotaeting blades are compared with those ob-
tained for the same blade types at rest. Two lmportant experimental results are ob-
tained, the slmilarity in pressure dlagrem shspes, and the significance of a "“spin"
factor. A close similarity is shown in the shapes of the pressure diegrems for the
roteting and statlc blades at the same inclidence angles and radial position. How-
ever, the 1ift and clrculation velues are different, being smeller et the lnner and
greeter at the outer radii for the rotating blades.

When the system of treiling vortices is compared for rotaiting and stationery
cases, the difference along the sparn depends only on the speed of rotatlon. This is
probably caused by added uniform vertex strength, which is a true indicetion of the
results of rotation. Thus, test results from statlonary to rotating blades in wind
tunnels may be corrected by adding the effects of a vortex of rotation of uniform
strength.

154. Khelil, K. H.: Rotatlionsl Effects on & Cescade of Aerofoll Blades. The En-
gineer (Londom), vol. CXCIII, no. 5030, June 20, 1952, pp. 83L-834.

The optimum pitch for a cascade under rotational conditions is determined in
comparison with thet obtained by simple cascade tests. Pressure distributions around
a blade sectlon were obtained for e renge of incidence angles by varying the compo-
nents of the flow, the axial velocity {keeping the resultant velocity constant at 70
f‘t/sec), and the rotational speed over a range from 50 to 800 rpm. The pitch and the
number of blades were varied, but the product of the pitch times the number of blades
was kept constant.

When the rotgting blades were compaered with stationary blades having the same
sections, the circulation of the rotating blades was found to be diminished. The
effect of the rotation lncreased =zs the number of blades increased. With shrouding,
the pressure-distribution diagrems showed changes near the leading edges rather than
near the trailing edges.

155. Lieblein, Seymour: Theoretlecal and Experimental Anslysis of One-Dimensionsal
Compressible Flow in & Rotaiting Radlisl-Inlet Impeller Channel. NACA TN 2691,
1852, -

Passage mean-flow characteristics In s radiel-inlet impeller channel are obtzined
from e one-dimensionsl compressible-flow analysis. A theoreticsl investigation of the
flow in an impeller channel with convergent-divergent area showed the critical section
of the rotating channel wes locsted upstream of the geometric throat. The effect of
losses on the flow was simllar to the effect obtalned by reduction of the flow area.
The mean~flow behevior in another radial-inlet impeller was similer to flow along a
rotating radial channel, in which the effective flow area &t the Inlel varied with
the opersating point.
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156. Finger, H. B.:  Method of Experimentally Detertiining Radisl Distributlons of
Velocity Through Axial-Flow Compressors. NACA TN 2059, 1950.

A method is presented for determining the velocity distribution downsiream of
a compressor blade row for glven total temperature, total pressure, and relative =
flow angles. The results of this enalysis sre in good sgreement with experimental
resulte obtained on a ten-stage compressor. The predicted and measured wall static
pressures glve good checks.

D. COMPRESSOR PERFORMANCE AND CHARACTERISTICS

157. Sinnette, John T., Jr., Schey, Oscar W., and King, J. MAustin: Performence of
NACA Eight-Stege Axial-Flow Compressor Designed on the Basis of Alrfoll Theory.
NACA Rep. 758, 1943, (Supersedes NACA WR E-1.) '

The development, construction, and testing of an eight-stage axisl-flow compres-
sor are described. The design theory of a typicel axlial-flow-compressor stage, de-
veloped directly from basice airfoil-theory fundsmentals, is presented. A physical
description of the eight-stage compressor discusses dimensions, construction, oper-
ation theory, test procedures, instrumentation, and preclsion of measurements. The
deslgn hesis of each stage was the symmetrlc veloclity disgram and radiaslly constant
axlel-veleoelty component. The rotor wes tapered to produce asn increase in sxial
velocity from inlet to outlet.

The performance tests were first made with rotor speed as a parameter end with
compressor efficiencies based on total-pressure megsurements at the discharge of the
last stator row. In order to permit evalustion of the compressor performence at any
desired inlet-gir temperature, the data were then presented in terms of a nondimen-
slonal parameter, Mach number. This proved to be the superior procedure.

Axisl-flow compressors of high efficiency (87 percent at a pressure ratioc of
3.42) can be designed by the proper application of airfoil theory. ~
158. Eckert, B., and Weinlg, F.: Axisl Flow Compressor Designed for 50% Reaction.

BUSHIPS 338, vol. 11, May 1948.

Three 50-percent reaction axial-flow compressors were tested experimentally to
check on the efficiency of compressor design calculations for certein turbojet en-
gines. (The reaction of a stage 1s the fraction of the pressure rise occurring in
the rotor.) The results indicate that the total pressure and the flow capacity are
markedly affected by the dlstribution of static-pressure rise between the rotor end
the stator. For glven limiting Mach mumbers, the total pressure developed can be
incressed, 1f the amount of reaction is limited to SQ percent. The significance 1s
that the statlc-pressure rise per stege determines the number of stages required.
Satlsfactory agreement was obtained between theory and experiment.

Flow regulation by means of stator adjustment was attempted but was neither
efficient nor worthwhile. Hub fairing was necessBary to reduce tendencles towerd
flow separation and poor veloclty distributions at the rotor imlet. The exact shape
of the falring was not critical.

158. Eckert, B.: A Collection of Compressor Test Resulta. BUSHIPS 338, vol. 22,
Navy Dept., Mey 1946. - '

A summery of varlous compressor test results 1s presented, containing approx.-
mately 90 cheracteristic plots of compressor performance. The coefficlents used to
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Plot the compressor characteristics are explained, and the methods of obtalning them
from tests are described. The effects of Reynolds mmber and Mach number veristions
on compressor design are defined.

160. Eckert, B.: Recent Results on High-Pressure Axlal Blowers. NACA TM 1128,
1947.

The proper gerodynamic deslign of inlet ducts to achleve high-efficlency opera-
tion and high bpressure rise 1s discussed. The study Includes the effects of hub
shrouds, diffuser shapes, partial admissions, radial clearances, blade shapes, and
roughness. Pressed sheet-metal blades were found as good as streemlined shapes.

161. Weske, J. R., Rubin, B. Z., and Gardiner F. J.: Axisl Supercharger XI-2220
Engine - Theory for Deeslgn of Axial Flow Compressors. Eng. Div., Chrysler
Corp., June 9, 1945. )

The performence analysis and celculation procedures are presented for an axlal-
flow compressor of symmetric-velocity-dlegrem flow, which 1s compared with a vortex-
flow design. Much larger pressure lincreeses cen be obtained for given limiting con-
ditlions by the symmetrical-veloclity-dlegram type. However, some .slight efficlency
decreases result as well, end speclal inlet and outlet stages are required., Compu-
tations for these stages are provided.

162. Jarre, Gianni: Un nmuovo tipo di stedio di compresslone per compressorl asslall.
L'Aerotecnica, t. XXVIII, no. 4, 1948, pp. 199-205. (A New i'ype Compression
Stage Por Axisl Compressors.)

The stage performance of an axisl-flow compreasor ls analyzed, and a simplified
two-dimensional calculation procedure for miltistage compressors is explained. Nu-
mericel calculatlions demonstrate the possibilitles of reducing the number of stages
required for a miltistage compressor.

163. Ponomereff, A. I.: Axial-Flow Compressors for Gas Turbines. A.S.M.E. Trans.,
vol. 70, no. 4, May 1948, pp. 295-306.

The operating principles, characteristlics, design, operatlon, types, character-
istic curves, and ges-turbine requirements for axisl-flow compressors are presented
and expleined.

164. Mankuta, Harry, and Guentert, Donald C.: Investigation of Performance of Single-
Stege Axlal-Flow Compressor Usling NACA 5509-34 Blade Sectlon. NACA RM ESF30,
1948.

The performence of a single-stage axiel-flow compressor using blades with an
NACA 5509-34 airfoil secilon was investlgated. The blades were designed with a hub-
t1p radius ratio of 0.8 in order to correspond to the middle stages of a compressor.
The stators were designed to remove the vortex rotation added by the rotor. A sym-
trical velocity diagram at the rotor hub position was used. The blede setting angles
were taeken sccording to survey 119.

The performance weas evaluated in terms of three different blade-loading param-
eters: +turning engle, 1ift coefficient, and the retio of the change in tangential
velocity to meaa exial velocity. The over-all performance results are presented
(maximim total-pressure ratio, 1.262; maximm sdisbatic efficiency, 0.84 at design
speed; and equivelent weight flow, 10.5 l'b/ sec). Since instrumentetion difficulties
were encountered, the results are considered only qualitatively correct.
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165. Burtt, Jack R.: Investigetion of-Performsnce of Typical Inlet Stage of Multi-
stage Axiel~Flow Compressor. HNACA RM E9EL3, 1948.

Anelyses have Indicated that a compressor design based on constant total en-

thalpy radially with s symmetrical velocity dlegram at all radii hae advantages over .

a vortex-flow design compressor {see survey 183). Accordingly, & compressor inlet
stage, deslgned on this basis, was tested end studied. Typical inlet-stage values
were used, that 1s, a hub-tip radius ratio of 0.5 and sn axisal.-veloclty-component

to tip-speed ratio of 0.80. The rotor and stator blades had a modified NACA
85-(12)10 profile, constant from bub tc tip. Blade setting angles were calculated
according to survey 119, The instrumentation was the seme as for survey 164, and
the data were calculated by the method of survey 1Z21. The rotor blade performance
indicates that the turning engles and the energy addition st design weight flow were
low compeared with deslgn values. These results were ebttributed to mlscalculation of
the turning~-angle deviations near the rotor blade tips.

Nevertheless, at off-design conditions, good weight-flow, pressure-ratio, and
efficiency characteristics were observed. The high rotative speed of such an inlet
stage permits higher pressure ratios 1In the later stages of a compressocr. The use
of verieble-cenber blades may have improved the stage performance over a wider
welght-flow range. This investigation 1ls followed by survey 172, a study to reduce
the wheel speed and pressure ratio but obtein increased maess flow.

166, Mertinuzzl, P. F.: Continental and American Gas-Turbine and Compressor Calcu-
lation Methods Compaered. A.S.M.E. Trans., vol. 71, no, 4, Msy 1549, pp. 325-
333.

The Buropesn methods for celculating axial-flow-compressor bleding involve
dimensionless velocity triangles, the characteristice 1n terms of a pressure coef-
ficient, flow coefficient, profile "glide" angles, and degree of reaction. The
blading types, given in terms of their velocity triangles at the plitch diameter,
include exial dlscharge from rotor, symmetrlicel stages, stages with axial rotor-
inlet flow, and stagés with symmetrical stators. Constant exisl velocity raedielly,
constant clrculetion, and free-vortex flow between blade rowe are assumed.

The variocus blading types are compared and spplied.

167. Bowen, John T., Sebersky, Rolf H., and Rannie, W. Duncan: Theoretical and Ex-
perimental Investlgations of Axlael Flow Compressors, Pt. 2., Mech. Eng. Lab.,
C.I.T., July 1949. (Navy Contract K6~ORI-102, Task Order IV.)

To examine closely the validity of the design theory of survey 37, extensive
end detsiled flow measurements were made iIn the test compressor, and boundary-layer
behavior and friction losses were also investigated.

The study of this proposed design theory, which uses the exit angle as & baslc
parameter in place of the 1ift coefficient and a new linearizing procedure, is con-
ducted by comparing two blade types, vortex and wheel. The theory sssumptions are
claspified es three main types: (1) perfect fluid assumptions, (2) essumptions con-
cerning exit-flow angles, end {3) linearizing assumptions. Test results indicate
that the theory ylelds accurate results in predicting the flow characteristics at
deslign and off-design conditions, based on comparlisons of the veloeclties and total
pressure at flow conditions for which assumptions (1)} and (2) are .valid. Assumption
(1) wes valid when no part of the blade wes stalled. The over-all performance was
predicted sccuretely near the design point, ‘which was close to the maximum-efficlency
polnt. The free-vortex and solid-body blading showed nearly the psme efficiencies,
and the exit angles were insensitive to inlet-angle changes. The efficlency in-
cregsed with incressing Reynolds numbers.
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The investigstlon into the cascade boundery leyers and losses dlsclosed infor-
mation concerning the locatlon and extent of losses encountered in = turbomachine.
The minimum total-pressure loss and incidence angles for low loss cen be predicted
for s two-dimensional cascade. Csreful meassurements of blasde-surface-friction losses
(total-pressure losses in the cascade) were made. The total-pressure losses in the
compressor cescade were twlice those measured or celculated for equivelent two-
dimensional cascades 1n steady flow. The apparent flow incidence-angle range for
low losses 1s comperably smeller. These results are attributed to secondary flows
(see surveys 230 to 234) and periodic velocity fluctuastions in entrance velocity
(see surveys 53 to 59, and 69).

The studies indlcate that the wall boundary-layer growth was moderate in the
test compressor and depended lsrgely on the blade design (survey 231). High losses
were found neer the inner and outer wslls. An spperent "area contraction" of the
compressor flow stream mey be sttributed to wall and blade boundary-layer effects.

168. Howell, A. R., and Bonham, R. P.: Over-All and Stage Characteristics of Axiel
Flow Compressors. Proc. Inst. Mech. Eng., vol. 163, 1950, pp. 235-248.

A method is developed for deriving the charecteristics of miltistage sxial-flow
compressors from the characteristics of the individual stages for a range of operating
conditions. This proposed design method ensbles the single-stage characteristics to
be predicted, designed, and thus extended to the over-ell characteristics for the re-
quired design conditions. The effects of blade and test errors on performance are
discussed. :

169. Erwin, John R., .a.nd Schulze, Wallace M. Investiga:l;-ion of an Impulse Axial-
Flow Compressor. NACA RM L8J05s, 1850.

Because of the static-pressure rise, the total-pressure coefficlent obteinseble
in conventional axisl-flow compressors 1s limited to a maximum of epproximately 1.0
by separstion losses, when the turning angles exceed 30°. Turning the flow without
e static-pressure rise extends the l1imit of turning angle and mekes higher pressure
coefficients possible. This investigatlon wes made to determine the poasibilities
of applying the constent-pressure (impulse) principle to exlsl-flow compressors.

Blade sections developed by cascade tests were used in the design of a rotor
with 75° turning and a total-pressure coefficient of 2.4. Rotor tests were conducted
gt low speeds both with and without stator blades and without inlet-guide vanes. For
example, rotor operstion produced -a total-pressure coefficient of 2.3 with an effi-
clency of 98.3 percent. -

The operating behavior of the single-stage impulse compressor was similar to
conventlional single-stage operstion. Extrepolastion of the results to higher subsonic
speeds indicates that the impulse compressor can produce the pressure rise per stage
of a conventional compressor, but at reduced rotationel speeds. There may be accom-
panying losses in specific mess flow and efflciency. At supersonlc speeds, the im-
pulse compressor should yleld a stsge pressure rise equal to the conventlonel super-
sonic axiel-flow compressor and operate at reduced rotationsl speeds. Agsain, there
mey be losses In specific welght flow.

170. Mshoney, John J., Dugen, Paul D., Budinger, Raymond E., snd Goelzer, H. Fred:
Investigetion of Blade-Row Flow Distributions in Axial-Flow Compressor Stage
Counsisting of Guide Vanes and Rotor-Blade Row. NACA RM E50G12, 1950.

A 30-inch~tip~diemeter exial-flow compressor stage was investlgated with and
wlthout the rotor to determine individual blade-row performence, Interblade-row ef-
fects, and outer-wall boundary-lsyer condlitions. Angle settings were made according

10 survey 119,
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With no rotor, flow-angle discrepancies were observed at the root and tip of
the gulde vanes. However, the design sssumption of simplified radial equilibrium
was satisfied when corrected angles were considered. For the medium and high weight-
flow ranges, an inlet Masch number correction is not sufficlent to account for the In-
creases 1n the gulde-vane-exit flow angles at the hub and tip. With the rotor in-
stalled, the design sssumptlon of slmplified radial equilibrium is Inwvalid.

Curves of the measured variations of turning angles across the rotor with angle
of attack paralleled curves obtalned from two-dimensional-cascade deata but gave
higher turning engles. Tip stall vas obtained at lower angles of attack than In the
two-dimensional cascade. The boundary-layer dlsplacement thickness was small after
the gulde vanes and the rotor {less than 1.0 and 1.5 percent of passage helght, re-
spectlively) but increased repidly after the rotor when tip stall occurred.

171. Moses, Jason J., and Serovy, Géorge K.: Effect of Blade-Surfece Finish on Per-
formance of & Single-Stage Axiel-Flow Compressor. NACA RM E51C09, 1951.

The performance of a single-stage axial-flow compressor was investigated under
conditions of varying blade-surface roughness. The blade surfaces were successively
rough-machlned, hand-filed, end highly polilshed. The compreéssor was operated over a
range of welght flows at six equivelent tip speeds from 672 to 1092 feet per second,
for relative inlet Mach numbere from 0.36 to 0.85 at the rotor mean radius, and for
Reynolds numbers from 222,000 to 470,000.

Surface-finish effects’ were messured by the total-pressure ratio and efficiency
effects observed. The surface~finish effects decreased wlth increasing compressor
speed and with decremsing weight flows at a fixed speed. Finishing the blade sur-
faces beyond a polint consldered aerodynamically smooth (from an admisslible roughness
formila) will not affect compiéssor performance, eXvept at operating points vhere -
blade friction losses may be an important fraction of the totel losses.

172. Buwrtt, Jack R., and Jackson, Robert J.: Performance of Single-Btage Compressor
Designed on Basip. of Constant Total Enthalpy with Symmetrical Veloclty Diegrsm
at all Radli and Velocity Retlo of 0.7 at Rotor Hub. NACA RM E51F06, 1951.

The basic compressor design verisbles were analyzed in survey 183, and it was
found that good performance may be obtained from a compressor d.esigned. for constent
total enthalpy radielly and & symmetrical velocity dlagram at sll radii. A compres-
sor of this design, with a hub-tip radius ratio of 0.5 and a ratio of axial velccity
to tip speed of 0.6 upstreem of—the rotor hub, is investigated in survey 165. This
compressor had high pressure ratios at high rotetive speeds.

This investigation was conducted on a compressor designed for an exial-velocity
to tip-speed ratio af 0.7 at the rotor hub to reduce wheel speeds and pressure ratios,
but Incresse mass flows.

The results indicate a lZ2-percent incresse in mass flow at peak pressure ratios
somewhat higher than the earlier compressor, but with greatly reduced efficlency.
The low solidity and high stagger angle near the rotor tip combined to produce a
rapldly peaking curve of stage-element efficiency. The good efficlency range for &
given speed is narrow. Near the hub, the efficiency i1s nearly constant over the
range of weight flows investigated. assu.ming the stresmlines there follow the hub ~
contours. = R

The temperature-rise energy addition at a given speed increased from hub to tip.
With chenge in welght flow, the greatest rate of cha.nge of energ;r addition likewise
occurred gt the tip. - . - e il -



9892

NACA RM ESGHIL ' ’ : 61

173. Penetti, Modesto: Uns ipotesl limite per il calcolo della caratterisiica del
compressori asssiall. La Termotecnica, t. 5, no. 1, 1951, pp. 5-10. (A Limit
Hypothesis for the Calculstion of the Cheracteristics of Axial Compressors.)

With the assumption that the discherge sngle remalns constant for the entire
range of inlet angles, laws cohceining the varistion of 1ift and the pressure rise
per stage as functions of incldence angles and inlet velocities are determined.
These results agree well with experimental dsta and sppear to be good approximations
for cascades with solidity of approximately 1, for operation not near stell condi-
tions. The influence of wviscosity and frletion losses on & pressure-volume charsc-
teristic are accounted for by assuming a reduced exit srea as a result of_ boundery-
layexr growth.

174. Panetti, Modesto: Il compressore asslele sperimentele del leboratorio di
eeronantica di torino. La Ricercs Sei., t. 23, no. 9, Sept. 1953, pp. 1639-
1844. (The Experimental Axisl Compressor at the Aeronsutical Leboratory of
Turin. )

The operational charscteristics and design detalls of a free-vortex-design com-
pressor having a symmetrical veloelty diasgram at the meen sectlon (the Frenco Tosi
experimental axial-flow compressor) ere presented. High efficiencies were obtained
in the normal operating range. ’

175. Teylor, R. G.: Some Blade Designs for an Axial-Flow Compressor Stage. Jour.
Roy. Aero. Soc., vol. 58, no. 517, Jan. 1954, pp. 61-64.

The over-all conditlons In & single stage wlthout guide vanes are discussed
for three cases: (1) the static-temperature rise in the rotor and stator are equal
(constant reaction with radisl equilibrium), (2) the Mach number of the resultent
flow is counstant radially st the rotor inlet, end (3) a combination of (1) amd (2)}.

No informmtion is presented to indicate whether sny (or all) of these designs
is suiteble or practical.

176. New, W. R., Redding, A. H., Saldin, H. B., and Fentress, K. 0.: Baslc Compres-
sor Charecteristics from Tests of a Two-Stage Axial-Flow Machine. A.S.M.E.
Trens., vol. 765 no. 3, Apr. 1954, pp. 473-48l.

Experimental results are presented for axial-flow-compressor stage performance
over a range of Mach numbers from 0.3 to 0.9 and & range of Reynolds numbers from
50,000 to 500,000. At subsonic velocitles, the tests show that the attainable pres-
sure ratlioc per stage snd efficlency depend on the Reynolds and Mach numbers. Many
diasgrams are presented to visualize these relations. The results are presented in
peirs of plots showlng first, a basic efflcliency and stage pressure ratio as func-
tilons of velocity ratio with the Reynolds number as e parsheter, snd second, a Mach
number correction for each plot.

177. Foster, D. V.: The Performance of the 108 Compressor Fltted with Low Stagger .
Free Vortex Blading. Rep. Wo. R.116, British N.G.T.E., June 1952.

Tests were conducted on a large three-stage compressor designed especially for
detailed three-dimensional flow Investigations. The main errors in the acecurecy of
the measurements were sttributed to unstesdy flow and speed fluctuation effects (see
surveys 53 to 59, and 69). The test characteristics of the first set of blades were
compared with the theoretical performance calculations. The tests were conducted
with and without guide vanes. The following results and conclusions were cohiained:
(1) The compressor proved to be suitable for its designated purpose. (2) The effect
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of blade position on the measured static pressure was very large. (3) The deviations
at the mean diameter, smaller than those obtained with a two-dimensional flow config-
uration, permitted lncreased work cspaclty of the compressor. In those cases where
the inlet gulde vanes produced the two-dimensional outlet angles, the first-stage
characteristics were different from the characterlstics of the other two stages.

{4) The velocity profile did not degenerete rapidly (see survey 213). This fact is
attributed to good flow conditions near the blade ends. (5) High efficlencies, ob-
talned over r wlde range of mass flows, were considered to result from good veloelty
profiles. (6) Usual methods of calculating on- snd off-design performence, stage by
stege, yleld predictions of performance lower then obtalned in test results.

Surging and stelling are discussed briefly.

178. Kantrowitz, Arthur: The Supersonic Axisl-Flow Compressor. NACA Rep. §74, 1950.
(Bupersedes NACA ACR L6D0OZ2.)

The edvantages and disadventeges of supersonlc compressors are discussed in an
attempt to obtaln the inherent advantages of large lncreases 1n pressure ratio per
compressor stege and high mass flow at good efflclencies, thereby effecting savings
in weight and size. The wave systems at the entrance regions of a cascade and the
losses due to waves extending upstreem in supersonic flows are studlied. Methods of
eliminating the waves and eccompanyling losses in supersonic flows and of confining
the strong waves entlrely within the cescade passeges are discussed. The conclusions
reached from this discussion and e discussion of starting conditions are thet com-~
pressors operating with relstive Mach numbers consliderebly sbove 1.0 are more lLikely
to be of practical interest than those operating near relative Mech mmber 1.0. ~~

Three design types ere analyzed In some detail: (1) supersonic relative veloc-
ities entering and leaving the rotor having a subsonic stator, (2) supersonic rela-
tive velocities entering and decelersating through normal shock to subsonic flow In
rotor, with subsonic flow in the stator, and (3} subsonic flow in the rotor, with
supersonic Inlet flow to stator and deceleration to subsonic flow through normal
shock in the stator passages.

A compressor of the second design type, deceleration through shock in the rotor,
was constructed and tested (at comparsble Mach numbers in Freon-12, see survey 203).
Other results and couclusions obtained are as follows: {1) The transition from sub-
sonic to supersonic flow occcurs smoothly. (2) Pressure ratios of sbout 1.8 and ef-
ficiencies of d@bout 80 percent were obtalned. The need for stronger blading and
higher solidity waes indicated by the tests. (3) The volume flow was close to theo-
retical velues. (4) Higher efficilencies could be obtained by methods of controlling
the wave formstion in a specified fashion. (5) Efficlent supersonic compressors can
be designed of much higher stege pressure ratlos and somewhat higher mass flows than
atteineble by subsonic compressors. (6) The sterting of & supersonlc compressor with
subsonic axial velocitles will not Involve undue difficulties.

179. Loeb, W. A.: A Study of the Supersonic Axial-Flow Compressor. Jour. Appl.
Mech., vol. 16, no. 1, Mar. 1949, pp. 19-26. :

An analytical study ls presented of two kinds of compressors, one with a normel
shock 1in the stator entrance, the second with a normsel shock in the rotor entrance.
The anelysis 1s one-dimensional and a@seumes idesglized blade-element flow, in which
radial and frictlon effects are ignored. Curves dre drawn for the pressure ratio
and efficiency as functions of & dimensionless wheel-speed persmeter.

The compressor with normal shock in the stetor entrance ie considered the supe-
rior one, Its strongest restriction 1s the Mach number limitation in the rotor.
The influence of limitetions on blade entrance engles 1s discussed.
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E. COMPRESSOR VARTIABLES, PARAMETERS, AND VELOCITY DIAGRAMS

180. Eckert, B.: The Influence of Physicel Dimensions (Such as Hub:Tip Ratio, Clear-
ance, Blade Shape) and Flow Conditions (Such as Reynolds Number and Mach Num-
ber) on Compressor Charascterlistica. Pt. A - Summary of the Resulis of Re-
search on Axial Flow Compressors at the Stubttgart Research Institute for
Atomobiles and Engines. W.A.C. Eng. Trans. No. 22, Wright Aero. Corp. (Vol.

3 of ser. of articles on Compressor and Fan Design, wrltten by German englneers,
coordinsted by Code 338, BuShips, Navy Dept. (Washington, D.C.), Msy 1948.)

A summary of the resulis of research on axiel-flow compressors at Stuttgart is
presented, Including methods for calculeting axisl-flow-compressor performance, means
of increasing stage pressure ratios (e.g., by higher wheel speeds, mamufacturing
precision, and operation at higher Reynolds numbers), and influence of diameter rstio,
efficiency, steging effects, and Reynolds number.

The influence of dlameter ratio on the charscteristice and velocity dlagrem of
axial-~-flow compresfiors is discussed. Experimental results and some theoretical cor-
relation sre provided. The genersl conclusion is that increase of dismeter rastlo
causes the.attasingble pressure cdefficient, the throttling coefficient, end the max-
Imum efficiency g11 to decrease.

The Influence of radlal clearance of the rotor on compressor efficlency is also
shown. Both test resulis and theory are described. The results, vwhich were both
qualitative and inconclusive, found thet efficiency decreased as tip clearance
Increased.

181. Eckert, B., Pfliiger, F., &nd Weinig, F.: The Influence of the Diemeter Ratlo
on the Characteristics Diagrem of the Axial Compressor. NACA TM 1125, 1948,

The influence of diameter ratic on the ePficlency and the pressure coefficient
of an axlal compressor wes Investigated. The diameter retlo was found to be very
importent for highly loaded axisel-flow compressors. The maximm attaingble pressure
coefficlient and efficiency are shown to be functions of dismeter ratio, specific
speed, and throttling coefflcient., Both the maximum pressure coefficient and the
optimim efficiency decreasse with an increese in diameter ratio. These effects are
attributed to increased drsg effects due to the Increased wetted surface involved.

The optimum efficlency obtainsble depends on the specific rotary speed and on
the mass-flow coefflcient, related to Inlet erea. The Iinternal adiabatic efficiency
is very sensitive to the lift-drag ratio, which leads to the recommendation of opti-
mun surface quality finish and precision of mamufscture.

182. King, J. Austin, and Regan, Owen W.: Performance of NACA Eight-Stege Axial-
Flow Compressor at Simulated Altitudes. KNACA WR E-5, 1944. (Supersedes NACA
ACR E41.21.)

The design-point performance characteristlcs of the NACA eight-stage axial-flow
compressor and the effects of altitude on performence were determined. The compres-
sor wae tested at simlated altitudes of 50,000, 36,000, and 27,000 feet, ard at
rotor speeds corresponding to compressor Mach numbers of 0.80, 0.85, 0.90, =nd 0.95
for a renge of air flows.

The design pressure ratio of 5 was obtained st & simlated eltitude of 36,000
feet at an adldbatic temperature-rise efficiency of 0.83. The Reynolds number ef-
fects are manifested by & decresse in efficlency of 4 points at Mech 0.80 for an
gltitude increase from 27,000 to 50,000 feet.
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The effect of Reynolds numbers on compréssci’ performence was lerger than gener-
ally assumed, and higher pressure ratios per stage than usual could be obtained with
good efficiency.

183. Sinnette, John T., Jr.: Analysis of Effect of Basic Design Varisbles on Sub-
sonic Axial-Flow-Compressor Performsnce. NACA Rep., 901, 1948. (Bupersedes
NACA RM E7D28.)

A one-dimensionel compressible-flow blade element theory for exlal-flow com-
pressors was developed eand spplied to the analysis of the effects of basic design
varisbles such as Mach number, blade loading, and veloclity distribution on compres-
sor performance. A graphlcel method useful for spproximete design celculations is
presented. The relatlions between adisbatic and polytropic efficlencies, blade-
element efflclency, blade-element pressure ratio, and specific mass flow are
discussed. - - —- -

The uses and limitatlons of blade-element theory are fully discussed. The
limitations erise chiefly from blede-end and wall boundary-layer secondary-flow
effects. In applying blade-element theory, the use of drag-lift-ratio values ob-
tained from cascade measurements ls suggested for the middle portion of a blade,
and sugmented values near the blade ends. The recommendations are only qualitative.
The significant factor is the dreg-lift ratio, however, not Just the drag. The need
for secondary-flow research and three-dimensional flow investigations is pointed out
in order to obtain improved compressor designs.

The blade-element-theory approach ls applied to the possibilities of improving
compressor performence by comnsidering the velocity distributions carefully. Advan-
tages of the free-~vortex deslign are its simplicity and the high accuracy with which
the flows can be celculated. Its disadvantages arise because the inlet Mach number
is well below the limiting value for most of the blade length, resulting in low
stage pressure ratlos and an Increasse in relative velocity across the rotor hub.

The symmetrical veloclty dlagram with constant totel enthelpy at-sall radii
eliminates these difficulties; snd, in addition, the specific mass flow 1s increased
over the free-vortex design. The inlet stage pressure ratic 1s higher for the
symmetrical-velocity-diagrem compressor; and the pressure ratlos obtainsble in later
steges are alsc higher, because higher rotor speeds are possible. One disadventage
of a compressor designed for a symmetrical velocity disgram 1s the very low axlal
velocities near the tip, especially after the rotor, at low mass flows.

A veloclity disgram somewhere between free-vortex and eymmetrical veloclity with
small enthalpy varistion radilally 1s suggested as = good design compromise.

The blade-element theory 1s spplied to an analysis of the complicated inter-
sctions among veristions of axial velocity from stege to stage, rotor epeed, meximum
pressure ratios obtaineble per stage, increase in hub and/or tip dlemeter axially,
tip-clearance losses, blade chord size, Reymnolds number effects, and boundary-layer
control in the diffuser,

The snalysis Indicates that the effect of polytropic efficlency on some flow
relations ascrose a blade row is of the same order of magnitude aﬂ Mach number
effects.

The importance of the relative Mach nuwber on obtaineble pressure ratios is
shown. In order to maximize the pressure ratios, design for near Iimlting Msch num-
ber values on all blade elemente is desirable. For a fixed inlet.Mach number, in-
creases In the ratio of mean whilrl veloclty to axlial velocity in the high-efficilency
range of the ratio (i.e., near 1) lead to rises in obtalnable pressure ratios and

decreases in specific mass flow.

3686 .
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The veloclity distribution in the inlet stage is Important in compressors with
fixed Mach nunber limitations, because the inlet stage 1imits the mass flow and the
rotor speed, which in turn 1imit the pressure ratios obtainsble in,the rearward
steges. :

Adjustdble stator blades ere Pound to be effective in extending the high-
efficiency range of axial-flow compressors.

184, Wattendorf, Frank L.: Meach Number Limitations on Pressure Rise in Axial Com-
pressor Deslgn. Eng. Div. Memo. Rep. ENG-51-9037-1-3, Army Alr Forces,
Materiel Command, Feb. 25, 1944.

This analysis indlcates that, when the blade-inlet veloecity of an axial-flow
compressor is limited by local sonic Mach numbers, the maximum pressure rise per
stage 1s obtalned by a combination of high wheel speeds and prerotation in the same
directlion as the wheel rotatiom.

185. Wattendorf, Frank L.: Factors Influencing the Utilization of High Mass Flow
in Axisl Flow Compressors. Proc. Seventh Int. Cong. Appl. Mech., vol. II,
pt. II, 1948, pp. 398-407.

Axial-~-flow-compreesor design limitations for obtaining high mess flows are dis-
cussed. The relations between stage pressure retio or temperature rise, the influ-
ence of hub-tip radius ratio, the Influence of inlet axial Maech number on temperature
rise, and the mass flow ere studled for several ceses. A slngle-stage study indicates
e quelitetive method of comparing compressor types. :

Several conclusions are reached: (1) Incremsed mees flow per unit frontal srea
can be obtalned by use of more favorsble combinations of mass flow and pressure ratio
per stage. These, in turn, may result from deviation from limiting sssumptions, such
as constant work radially and rigld body rotetion. It is suggested, for an example,
that flows with a varisble energy lnput from hub to tip have more favorsgble chersasc-
teristics than elther free-vortex or solid-body flows. (2) Allowing the tangential
component of velocity to vary at a rate less then free vortex permits smaller hub-
tip radius retios and greeter mess flows. (3) The temperature rise at the hub will
be less than at the tip.

186. Wallner, Lewis E., and Fleming, William A.: Reynolds Number Effect on Axial~
Flow Compressor Performence. NACA RM E9GL1l, 1949.

The inlet Reynolds number effect on the performsnce of an axisl-flow compressor
was Investigated. A reductlon in the inlet Reynolds mumber from 205,000 to 65,000
decreased compressor efficlency, abt constant pressure ratio, by 5 points, and the
corrected mass flow 2 to 5 percent, at each compressor Mech number. Teats on two
edditionel compressors of different design types gave the same results.

The rate of change of efficiency wlth Reynolds number was most pronounced at
low Reynolds numbers. ) )

187. Wu, Chung-Hua, Slnnette, John T., Jr., and Forrette, Robert E.: Theoretical
Effect of Inlet Hub-Tip-Redius Ratio and Design Speclific Mass Flow on Design
Performance of Axial-Flow Compressor. NACA TN 2068, 1950.

An gnelysls of axigl-flow compressors was conducted to obtaln the veriations of
the meximum alloweble rotor-tilp speed, pressure ratio, and power Input per unit
frontal area with design mass flow per unit frontel sres and Inlet hub-tip radius
ratio. The theoreticsl compressor design had constent work input radially to the
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rotor, symmetrical veloclty dlegrams st €1l radil, a rotor speed giving a maximum
Mech number of 0.8 in the flrst stage, a varigble hub radius giving a maximm Mach
number of 0.8 in all succeeding stages, and a flowv-turning limitation based on the
work of sunvey 31 with a blade so0lidity of 1.5 at the hub. The constant-enthalpy
and symmetrical-velocity-dlagram compressor wes chosen because 1t ylelds higher pres-
sure ratios per stage, higher specific mess flows, and higher design rotor-tip speed
than the.free-vortex type (see survey 183) The meximum Mach mumber of 0.8 was
chogen because it ensbles a high pressure rise through the stages without resulting
necessarily in apprecisble efficiency losges. The modified turning limitation of
survey 31 was chosen as conservative and convenlent.

A polytropic efficiency of 0.9 was assumed st the mean radius, and & range of
mass flows was investligated at each hub-tip radius ratioc. The number of stages
chosen for each inlet radius ratlo was the same as the number requlred to give an
exit hub-tip radius ratlo close to 0.8. In the calculations, simplified radial
equllibrium, compressibility, end blede-element flow were mspumed. The streamiine
curvature radially was neglected.

The resulits of the anaelysis are as follows: At e given inlet hub-tip radius
ratio, the design rotor-tlp speed and pressure ratlo per stage decressed with in-~
creasing deslgn mases flow per unit frontal ares. For decreasing inlet hub- tip radiuﬂ
ratio, the meximum pressure ratio per stage and rotor speed decreased. For decreas~
ing hub-tip radius ratio, the over-all pressure ratio, specific power lnput, and
design specific mass flow Increased for most of the range covered, with limitations
of constant meximum Mach number to 0.8 for sll stages and exit hub-tip radius ratio
0.9. The specific power input per stage was nearly constant, varying only slightly
with the hub-tip radius ratio.

188. Schulze, Wallace M., Erwin, John R., and Westphal, Willard R.: Investigstion
of an Impulse Axial-Flow Compressor Rotor over a Range of Blade Angles. NACA
RM LSOF27a, 1950.

This investigation follows survey 169 which founid that, by turning the flow
without—static~pressure rise, the turning-angle limit of an impulse compressor could
be extended over the turning-angle limit for conventlonal compreesors, and higher
pressure coefficients could be obtained. However, the speclfic mess flow and effi-
ciency might be reduced. In the present study, the performance characteristics of
the 75° turning impulse compressor were investigated over a wide range of blade

setting smgles end specific mass flows. The results of the investigation disciose
thet the design of an impulse axlal-flow compressor is not as exacting as had been
supposed. The compressor can operate over g wide no-surge range; and, with a reason-
gble static-pressure rise, 1t can efficiently produce a very high total-pressure-
rise coefficient.

188, Savage, Melvyn, and Westphal, Willard R.: Analysis of the Effects of Design
Pressure Ratio Per Stage and Off-Design Efficiency on the Operating Range of
Multistege Axial-Flow Compressors. NACA TN 2248, 1950.

The effects of the off-deslgn efficiency characteristics and design stage pres-
sure ratios on the operating range and over-all efficiency of an axirl-flow compres-
sor are studied. The results indicate that compressors with high stage pressure
retios have higher over-gll off-design efficiencies and wider operating ranges than
compresgors with low stage pressure ratios, 1f the blade-row efficiency curves for
the two ceses are considered to be simflar.

190. Bogdonoff, Seymdur M.: The Performance of Axisl Flow Compressors as Affected
by Bingle Stage Charscteristics., Rep. Ro. 155, Aero. Eng. Lab., Princeton
Univ., Oct. 1, 1949. (See also Jour. Aéro. 6¢l., Vol. 1B, no. 5, May 1951,
pp. 319-328.)
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Calculations are presented for the off-design behavior of three compressors
with 6, 8, and 13 stages, all designed for the same performsnce characteristics.
That is, each was designed to produce an over-all pressure ratio of 3.2, the seme
mass flow, the same mesn blede speed of 648 feel per second, the seme axlial veloclty
of 450 feet per second, and symmetricael veloclity disgram &t all radii. The differ-
ent numbers of steges to do the same work were obtained by altering the change in
the tapngential velocity component across the blade rows. This means the stage load-
ing was higher as the number of stages decreased. Accordingly, the air inlet and
outlet angles were different for each of the three compressors.

The blede performance data and efficiencies, on which the compressor calcula-
tions were predicted, were obteined from cascade and isolated-airfoll tests. Three-~
dilmensional and stage lnterference effects were neglected. The single-stage varia-
bles studled were blade loading, or pressure rise per stage, and efficiency varlations
wlth mass flow. :

At deslign speed, the six-stage compressor had the widest mass-flow range but
the smallest (flattest) pressure-ratioc range end efficiency verlation with mess flow,
because the change In percentage in developed pressure ratio or axisl velocity is
smallest for highly loaded blades.

Multistage compressor stalling i1s discussed. It i1s proposed that the sudden
sharp stell phenomenon in e multistage compressor might be eliminated by compelling
a compressor to stall st its reer stages first.

191. Quenzer, H., und Schwartz, G.: Aerodynamische Berechnungsmethoden fiir
hochbelastete Axialverdichter. Schweizerische Bauzeit., Jahrg. 639, Nr. 31,
Aug. 1951, pp. 432-435; 462-465. (Aerodynamic Calculation Methods for High-
Power Axisl Compressors.)

A survey was made of compressor design to study the limitatlons on delivery
pressure In a compressor. The study Included the degree of reaction, 1ts radial
variation and optimum values, compressibllity, thickness ratio, leading- and treiling-
edge angles, and spenwlse variation of circuletion in guide vanes, when used. BSimple
redial equilibrium was assumed.

Limitetions imposed on the compressor Mach number limit the delivery pressure.
tip speed
If we define Mu_ as velocity of sound locelly’ then, when Mu is less than 0.7,
the rotor limits the delivery pressure. For Mu gresbter then 0.7, the delivery
pressure 1s limited by conditions in the stator, In the absence of gulde vanes. The
limits can be raised by use of gulde vanes or appropriately designed inducers.

192. Voit, Cherles H., and Thomson, Arthur R.: An Anslytical Investigetion Using
Aerodynamic Limitations of Several Designs of High Btage Pressure Ratio Multi-
stage Compressors. NACA TN 2589, 1951.

The effects _of the principal design varlgbles on the stagewise design-point
characteristics of axiel-flow compressors having high sverage stsge pressure ratios
are enalyzed to determine the closeness of commercisl compressors for turboprop and
turbojet engines to the practical 1limit of stage total-pressure retios. The weight
flow, total-pressure rise, and tip speed are calculsted for stages having limitations
on Mach number, deflection, coefficient of 1ift, and retlio of static-pressure rise
across & blade row to the entering exiel-dynamic head. Two compressor design types
ere compered, both for constant work redially. The first type has wheel-type flow
entering the rotor and vortex flow sdded in the rotor. The radial position of the
symmetricgl-velocity-diagrem point is carefully chosen. The second type is the
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compressor with symmetrical velocity diegram at all radii. Provided the radiasl lo="
cation of the symmetricsal-velocity-disgram point is properly chosen, the first type
1s the better compressor.

The simplified analysis is then extended to multistage compressors with typlcal
stages similar to the first type. It is found that the relstive inlet flow angles
+o the rotor tip musk be chosen carefully {(i.e., lower in later stages) in order to
get high pressure ratio per stege. Limlting the static-pressure rise {(by increesing
the axial velocity stagewise) in order to avoid boundary-layer troubles has & marked
effect. Comparisons mede with compressors in which the best angle (as prescribed in
this report) for each group of stages (inlet, intermediste, or exit) is not chosen
show the advantsges- of the careful cholce. For given 1imiting conditions, the aver-
ege stage total pressure was affected only slightly by deviatioms of the axial ve-
loelty from the optimum. However, it was considersbly reduced by deviatlions of the
relative inlet-air angle from the optimm.

193. Savage, Melvyn, and Beatty, Loren A.: A Technlgue Appliceble to the Aerodynamic
Deslign of Inducer-Type Multistege Axial-Flow Compressors. NACA TN 2598, 1952.

This study 1s one of a series of investigatione of compressor designs in com-
parison with the simple free-vartex type. _The usefulness_of solid body flow was )
demonstrated in survey 101. Burveya 37 and 167 showed that the soclid body flow com—
presgsor cen be designed with efficiencies equal to those of the free-vortex type.
An anslysls was made comparing the wheel of the solid body type to the symmetrical
velocity diegram at all radil compressors (survey 187), and the latter were found
better. Another veloclty dlagram type, which lnherently could equal or surpess the
symmetricel velocity diegram at all radii types, wae investigated in survey 192.

This report proposes a compressor first stage having the radisl total-temperature
distribution required to make the second stage inlet axial—velocity component constant
redielly. This, it is hoped, will reduce the axlal velocities and permit higher rota-
tive speeds. The remalning stsges have constant work input radially, solid-body aver-
age tangentisl velocitles, and radlally constant Inlet axial velocities.

Simplified general three-dimensional compressible-flow equations are derived
which enable the axial-velocity dlstribution at any station to he calculated. The
equations are applied to inducer compressor design to effect the desired stege char-
acteristica. Preliminary deslgn calculations are presented for a range of inlet hib -
tip radius ratlos, mass flows per unit frontal area, 'and stage pressure ratiocs.

The over-gll compressor trends are as follows: (l)_éverage pressure ratios of
1.28 to 1.38 per stage can be sttained for the range of inlet hub-~tip radius ratics
from 0.4 to 0.6, and at wveight flows from 20 to 32.5 pounds per secand per sguare IOt
of inlet frontal area. (2) The design rotaticnal speed increases as the specific
welght flow drops, st constant_inlet hub-tip radius ratio. (3) The specific weight
flow increases as the bub-tip radius ratio decregpses, for constant_speed. ({4) The ra-
dial flow increases with decresse in specific weight flow et constant inlet hub- -tip~
ratio. (5) The radisl flow is sharply reduced as the inlet hub-tip ratio goes from 0.5
to 0.6, at constant welght flow. (B) Large increases in radial flow and over-all total-
pressure ratio are cbtained from small increments 1u design rotational speed. (7)
The stage inlet-alr angles increase stagewise. (8) The stage inlet-alr angles in-
crease ss the specific welght flow decresses at each inlet hub-tip ratio.

The trends for stages following the inducer stege are as follows: (1) The
emount of radial flow decreases with increesing huh-tip ratic at constant power-input
ratio. (2) The radilel flow Increases wlth power-input ratio at comstant hub-tip
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ratio. (3) The radial flow decreases with increased hub-tip ratio, power-input ratio,
and hub inlet-air angle st constant hub turning engle and tip rotational-speed ratio.
(4) The power-input ratioc, radisl flow, and hub inlet-air angle gll increase with the
tip rotational-speed ratlo at constant hub turning angle and hub-tip ratio.

194, Maillet, E.: Bur le perfectionnement des compresseurs et turbines. Bull.
Assoc. Tech, Maritime et Aeronautique, no. 51, 1952, pp. 465-430; discussilon,
Pp. 491-493. (Steps for the Perfection of Compressors asnd Turbines.)

The characteristic parameters of sxlal-, radisl-, and mixed-flow compressors
are discussed. Turbojet and turboprop units are compared. For axial-flow compres-
sors, the manner in which cascades of different blade profiles, solidity, stagger,
and pitch affect the adaptability of particuler compressor types to perticular duties
and the effects of limiting Mach numbers, tip clearance, and boundery layers are
discussed.

195. Jarre, Glanni: Compressori assieli di elevato rendimento. Giorneta delle
Sci., 1952, pp. 39-44. _(High Efficiency Axlsl Flow Compressors. )

The classification criteria of all types of axial compressors are presented.
An analysls of the factors affecting efficlency leads to the conclusion that high
efficiencies are difficult to obtain with high compression ratios per stage. The
technical solution will require many compromises.

196. Neylor, V. D.: Propeller Parameiers and the Axial Compressor. Aircraft Eng.,
vol. XXV, no. 293, July 1953, pp. 190-193.

The chief propeller parameters ere discussed, and their reletlon to axial-
compressor paremeters are esteblished. The thrust coefficlent kT,'advance ratio

J, snd pitch ratio p/D are associated with p' - E;g7;? v/u, end the stagger sngle,
respectively, of compressors. Surging criteria from propeller theory sre applied
to the compressor case. Experimental plots for thrust coefficlient and torque coef-
ficient kq agalinst advance ratio for values of p/D can be found in terms of com-

pressor coefficients as well. Two numericel examples are glven. Hhile the propeller
parameters do not explain the mechanism of airfoil stelling, they doc indicate surge
regions to avoid in terms of the propeller coefficients.

F. COMPRESSOR BOUNDARY-LAYER EFFECTS

197. Burgers, J. M.: Some Considerations on the Development of Boundary Layers in
the Case of Flows Having e Rotational Component. Nederl., Akad. van
Wetenschappen, vol. XLIV, nos. 1-5, 1941, pp. 12-25.

The effects of main-flow circumferentisl velocities and wall rotatlon on a
viscous boundary lsyer sre discussed. The tangentiel-velocity component of the main
streem acts as g retarding force when the wgll rsdius.is incressing but-aids in the
trensition to turbulent boundsry layer. Rotation of the inner wall has the effect
of driving the boundary-lasyer flunid towsrd sectlions of larger diameter end thus
reducing the chences of separation.

The flow of the boundary-layer sir elong rotating hlades, under the influence
of centrifugal force and redial pressure gradients, leads to the conclusion that
there 1s & marked tendency toward centrifugal flow in the boundsry layers along the
blade suction surfaces and a less significant tendency on the pressure side. Flow
of the boundary layer upstream of the blades is discussed.
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198. Weske, J. R.: 'Investigation of Blade Characteristice. Trans. A.8.M.E. vol. 66,
no. 5, July 1944, pp. 413-418; discussion, pp. 4189-420.

The flow through the blede rows of turbines or axial-flow compressors 1s ob-
tained on the basis of airfoil theory. A correlation ls established between the
aerodynsmic cheracteristics of the blade elements and the performance chareacteristics
of the blade rows. Test results obtained on a low-solidity rotating grid indicate
that the lift-coefficlent range for the root and mean sections ls greater than the
corresponding range for fixed blades. The maximum 1ift coefficlent 1s greater than
that obtained from corresponding wind-tunnel date for compressors end turbines.

BExperimental Investigations of raedial houndary-layer flows show that the blade
boundary flows radielly outward, when the blade rotative speed is greater then the
main~-stream tangential velocity component. Such boundary-layer and wake displacement
outward by centrifugal force improves the lift characteristice and reduces the pro-
file drag of the root section. When the blade rotative speed 1s less than the main-
stream tangential veloclty component, the boundery leyer flows inward. -

Performance curveés of blade sections, based on pressure-distribution measure-
ments on rotating blade rows, disclose & lower efficlency and higher stall limit
than were obteined from alrfoil data in the wind tunnel.

199. Weske, John R.: An Investigation of the Aerodynaemic Characteristics of a
Rotating Axlasl-Flow~Blade Grid., NACA TN 1128, 13947.

Pressure-distribution measurements and pltot-tube and hot-wire surveys were made
to lnvestigate the characteristics of rotating exial-flow blade rows. The radial
displacement outward of the boundary layer delayed root stall end precipitated early
tip stall., Boundary-layer interactlions along the casing, hub, and blade surfaces
and the radial shiftes of-the wakes are discussed. . . .

The following conclusions are presented: (1) The assumption of an infinite
aspect ratio in two-dimensional flow theories is lnadequate for both blade rows with
solidities of approximately 1 and thickness ratios of the present blade row (see
survey 205). (2) The stalling pointe of the outer snd middle blade sections are
related, indicating that stalling spreads inwsrd from the cuter section. (3) For
the roteting blade row, the root section did not stall even at very high values of
1ift coefficient at which the tip stelled. It is concluded that rotating decelerat-
Ing plade rows can be deslgned for higher loading at the roots than current practice
(1947). (4) Becemse of the low value of the effective aspect ratio, the range of
ninimum dreg coeffilcient 1s smell. The maxiium lift-drag ratio occurred at less than
design 11ft coefficient. Therefore, profiles with more camber than the present test
section should be chosen for the root end midspen sectlions. (5) The radisl boundary-
leyer displacement and the wakes are major factors controlling effective aspect ratilo,
and perheps causing tip separation. Boundary-layer removael at the tip is suggested.

200. Boxer, Emanuel: TInfluence of Wall Boundery Layer Upon the Performance of an
Axial-Flow Fan Rotor., NACA TN 2291, 1951.

Spollers were used to obtaln and eveluate the Influence of six boundary-layer
configurations on the performance, at low Mach mumbers, of a single axial-flow fan
designed with no allowance for boundary layers.

The drop 1n peak efficliency was small, 2% percent, even when the disturbed flow

reglon wes greater than half the duct width. It is suggested that the loss 1n effi-
ciency might be reduced by decressing the blade pltch angle in the boundary-layér
regilon to conform with the upstream velocity profille.

~
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201, Alsworth, Charles C., and Iure, Toru: Theoretical and Experimental Investiga-
tions of Axial Flow Compressors. Pt. 3 - Progress Report on Loss Mesasurements in
Vortex Blading. Mech. Eng. Lsb., C.I.T., July 1951. (Navy Contract N6-ORI-102,
Tasgk Order IV.)

The results are presented of detailed measurements of the flow patterns in a
single-stege axial-flow compressor wlth free-vortex bleding. The measurements of
flows through the rotor indicate that the perfect fluid design theory of survey 37
18 adequate for the central 80 to 90 percent of the blading. The leaving angles
were predicted quite closely, even in the stalled region. Profile losses were the
same as for a similar two-dimensionsl cascade at moderate incidence angles, but the
compressor configuration did stall st lower lncidence angles.

In the stator, the loss observed near the blade ends wes larger then could have
been expected purely on the basis of viscosity and real flow effects on the wslls
(see surveys 230 and 231).

202. Wu, Chung-Hua: Survey of Available Informstion on Internal Flow Losses Through
Axigl Turbomachines. NACA RM ESQJL13, 1951. .

The informatlion on internsl flow losses in turbomachines 1s briefl; surveyed.
Both nonviscous end viscous flow losses are discussed, and a short bibliography is
included.

G. COMPRESSOR TESTING TECHNIQUES ANRD INSTRUMENTS

203. Weinig, F.: Testing of Multistage Compressors with Heavy Ges. Tech. Rep.
F-TR-2143-ND, Alr Materiel Commsnd, Wright Fleld, Dayton (Ohlo), June 1947.

Use of a sultsble heavy gas such as Freon instead of air as a flow medium
enables tests to be conducted on models that are geometrically similar to the full-
scale alr-flow configurations, but which are smaller, have lower tip speeds, smaller
temperature rises, and are easier to construct. The results would apply fully and
directly to the full-scale compressors, if it were possible to maintain geometric
gimilerity, the same Reynolds and Mach numbers, snd the same delivery pressure in
all steges. The last two conditions can be met at two stetions only, because of
differences in the adidbatic exponents of Freon and alr. The inlet of the first
stage end the exit of the last stage are commonly chosen. The discrepancies at lo-
cations between those stations grow larger with Iincreases in delivery pressure.

Only 1.4 percent of the full-scale power consumption was required for a l/ 25-
scale-model Freon compressor.

204. Huber, Paul W., and Kantrowitz, Arthur: A Device for Measuring Sonlc Velocity
and Compressor Mach Number. NACA TN 16654, 1948.

A Helmholtz resonator with verisble volume, which measures the velocity of
sound in filuids, is especlally adepteble for use In rotabting machines. Better than
0.5-percent accurecy is cbtained in measuring the compressor Mach number (blade tip
speed/inlet stagnstion speed of sound).

205. Erwin, John R., and Emery, Jemes C.: New Approach to Axlal Compressor Cascade
Testing Technique. S.A.E. Quart. Trans., vol. 4, no. 2, Apr. 1850, pp. 275-
286. :
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A new method for boundary-layer removal on tunnel wells of cascades, involving
suction through porous walls at low speeds, is explored for a range of Reynolds num-
bers. The results indicate that porous-wall suction applied to cascades of compres-
sor blades meskes possible the siteimment of two-dimensional flow effects and for the
first time ensbles relisgble cascade dats to be obtained. Another conclusion 1s that
conventional compressor blede cascades of aspect ratio 4 do not simulate the two-
dimensional case. Evidently very large aspect ratios are required.

206, Hassan, Mahmoud Ali: Anwendungen der elektrolytischen Methode auf die Betz*sche
Theorie der Speltverluste an Scheufelgittern. Mitt. sus dem Inst. f. Aero.
(Zurich), Rr. 15, 1949, (Applicetion of the Electrolytic Method to the Belz's
Theory of Clearsnce LoSses on Blade Cascades.)

An electrolyte in a tank anelogue to potentigl flow is used to determine the
induced tip-clearance losses for rotating blades. The method compares well with an
analytic solution for the flow around the walls with induced cross flows.

207. Erwin, John R., and Emery, James C.: Effect of Tunnel Conflguration and Test-~
ing Technique on Caescade Performance. NACA Rep. 1016, 1951. (Bupersedes NACA
TN 2028.) R S e mm—— o I —
This report is one of a series of investigations into the characteristics of
alrfoll cascades and the appllcation of cascade data to turbomachine design use.

Among esrlier-reports on blade design dats resulting from this study were sur-
veys 121 and 150. It was recognized early that sccurste blade deslign data were
difficult to obtaln even In a two-dimensional conflguration, because of boundary-
layer and viscous flow complicatlions.

The experimentel l1ift coefficients for airfolls in cascedes are less than those
obtained theoreticslly (survey 122). Furthermore, the differences are greater than
for the corresponding lisolated airfolls, and the discrepancles were attributed
largely to end-wall effects. This is & reflection on the validity of the assump-_
tion oft two-dimenslonal flow as required for the theoretical solution. Even more
serious complications may be expected in a three-dimensional configuration typical
of a compressor. In survey 151, the investigatlion was extended into the highly-
cambered blade range. At the same time, investigations were finding ways of
eliminating the end-wall effecis and lmproving the comparison between experimen-
tal and theoretical data. The results obi{ained in two-dimensional-cascade tests,
in which boundary-layer removal was attempted by the use of suctlon slots and
suction through porous end walls, are reported. The Investigation was made to de-
termine the influence of aspect ratio, Reynolds number, and boundary-layer control
on the performance of alrfoils in cascade st low speeds. i

Tests with solld walls disclosed large discrepancies between theoretical two-
dimensional and experimental data (not for turbine cascades, however). Proper control
of the boundary layer by slots and porous walls resulted in flows that compared well
experimentally with two-dimensional-cascade flow. theory.

The results and techniques of this investigastion were lster epplied in survey
124,

208. Grent, Howard P.: Hot-Wilre Measurements of Stall Propagstion end Pulsating
Flow in sn Axial Flow Inducer-Centrifugal Impeller System. Pratt and Whitney
Res. Rep. No. 133, June 195Gl. B T o ’
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An early investigetion of the phenomenon of propageting stalls using hot-wire
instrumentation and technlques is reported. A full description of the hot-wire
anemometer and 1lts uses is presented. How the observed readings from two anemometers,
properly spaced, can be interpreted to iIndicate both the number and velocity of the
propageting-stall regions 1s explained, and examples are presented.

Some of the outstanding characterlstics of propagating stells, such as the mm-
ber, size, and speed of propagation of the stall regions varying with angle of attack
and through-flow veloclty, are reported more fully in later investigations (see sur-
veys 6l to 69).

208. Meyer, C. A., and Bemedict, R. P.: Instrumentation for Axisl-Flow-Compressor
Research. Trens. A.S.M.E., vol. 74, no. 8, Nov. 1952, pp. 1327-1331. :

The criteria for the use of instruments whose optimm dimensions are based on
test data are presented in this report, together with a pertinent bibliogrephy. Tem-
pereture messurements by means of thermocouples are discussed, and methods for in-
creesing thelir accuracy are investigeted. Among the other instruments investigated
are claw-type, spherical, disk-type, tip-clesrance, averaging, and weke finger probes,
Newton remote traverses, thermocouples, and statlc teps. Visuallizetlion methods sre
also discussed.

210. Keast, F. H.: High-Speed Cascede Testing Techniques. Trans. A.S.M.E., vol. 74,
no. 5, July 1952, pp. 685-694.

A method for boundery-leyer control 1s investligated by injecting air through
slots immedistely upstream of a cascade. The design and use of wedge-shaped probes
and asutomatic integreting yaw and total-pressure lnstruments are discussed. Cascade
measured test results are converted iInto turbomechine performance charts, and the
calculetions required are performed by punch-caerd methods.

A discusslon by W. B. Briggs on the tunnel characteristics, turbulence levels,
and instrumentation of the investigation is likewise presented.

211. Bruhot, A. W., and Fulton, R. 0.: A Clearanceometer for Determining Blade-Tip
Clearances of Axial-Flow Compressors. Trans. A.8.M.E., vol. 75, no. 1, Jan.
1953, pp. 1-6. o

The design and use of an instrument for determining the blade tip clearances of
exigl -flow compressors are described. The development of s probe-type measuring
head, the control élrcuits for operating the head, results from measurements using
the Instrument, and illustrations showing clearances In axial-flow compressors at
varlious operating conditions are presented.

It is noted that, at the time, the instrument was not yet sulteble for flight

test use because of its welight and power requirements. Further research designed to
simplify and adspt the instrument are in progress.

SECTION ITI. END ILOSSES AND SECONDARY FLOWS

212. Meldehl, A.: End Iosses of Turbine Bledes. Jour. Am. Soc. Naval Eng., vol. 54,
no. 3, Aug. 1942, pp. 454-466. :

Tip-leskage loss celculations, mede on the basis of tests of a single reaction
turbine, show en approximately lineer variation of efficiency with tip clearance,
The study discloses thal the totsal end losses depend upon the blade shape at the
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tip, the pitch, the type of flow and turbulence, the Reynolds numbér, and the Mach
number. Blade énd lossés are consldefed more then mere clearance phenomena.
Secondary-flow effects and vortex generstion with and without tip clearance are
noted.

213, Ainley, D. G., and Jeffs, R. A.: Analysis of the Alr Flow Through Four Stages

of Half-Vortex Blading in Axial Compressors. R. & M. No. 2383, British A.R.C.,

Apr. 1946. ~

Traverses were made behind every blade row at the operating condition for pesk
efficlency and pressure rise at low Mach numbers. A steady deterioretion of the
radisl distribution of axial velocity through the compressor was noted. Agreement
between the meassured velocities and those predicted on the basis of simple radial
equilibrium was cobtained only at the mean section. As a result of this deteriocretion,
a8 "work done" factor was necessery %o correlete the actual work done per stage with
the theoreticel value for compressor design. The air deflections showed good agree-
ment with velues predicted by cascade tests but departed considerably from deslgn
values. This departure is ettributed to secondary flows and the changes ln velocity
profile.. .Measurements disclosed both the presence of treiling vortices from every
blade and secondary flows induced by the relative motion of the blade tips and end
well. It may be deslirsgble to permit the variation of axial~velocity distribution
through a compressor in order to reduce the stalling at the roots and tips of high-
pressure stages., Blade shrouding is likewise suggested.

214, Heusenblss, H.: TFlow in g Four-Stege Axlisl Compressor. Z.V.D.I., vol.
94, no. 9, 1952, p. 246.

The snelysls of the flow through the compressor of survey 213 is discussed, and
attention is celled to the shift of the losses from inner radial positlons to outer
radial positions in the flow through the rotor._ _This _effect is attributed in part
to the secondsyy-flow mechanism. - LTI s o

215. Weske, Johh R.: Experimental Investlgaiion of Velocity Distributions Downstream
of Single Duct Bends. NACA TN 1471, 1948.

Velocity and pressure surveys were msde at the outlet sections of s large num-
ber of duct erows of garying cross-sectional shapes for a range of Reynolds numbers
from 0.2x10% to 0.6x10 The results 1ndicate the same genersl patterns of flow for
all cross-sectional shapea. The radius-ratio variations were significant in regerd
to their effects on chamging these patterms.

Three distinct reglons were observed-in the common patterns: (1) a core reglom,
equivalent to the main flow region, with falrly constant total pressure throughout
end velocity distribution close to potential fiow, (2) the layer of peripheral flow,
corresponding to the boundary-layer reglon near the walls, with low axlal-velocity
components and sizeble peripheral veloclty components, and (3) a region of eddying
flow and low total pressures, in which measurements are difficult to make because of
the large yaw values. Région (3) is found near the Iinner wall of all the curved
ducts. When no seperation is present, the flow in this region takes on & spiral
twisting form in which the total pressure increeses with distance from the center of
curvature (see secondary-flow reports, surveys 230 to 234).

The displacement of the boundary-layer fluids toward the bend inner wall region
was noted, as well as the dependence of the amount of this dilsplacement and the in-
tensity of the spirsling upon the radius of curvature of the bend. The persistence
of the spiraling motion for great distances was recorded. As in surveys 230 to 234,
neither the length of the inlet duct, nor poor matching of inlet-duct joints and the
Reynolds number varlatlions for the range covered, had an appreclable effect on the

flow patterns.
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216. Weske, J. R.: Secondery Flows in Rotating Blede Passeges at High Reynolds
Numbers. Proc. Seventh Int. Cong. for Appl. Mech., vol. 2, pt. 1, 1948, pp.
155-163. : :

A two-dimensional enalysis of the radisl boundary-leyer displacement in & free-
vortex main stresm awsy from the blade end reglon 1s based on Euler's equation. The
analysie includes the effects of blade length and blade angles on the radisl-velocity
components, and the influence of the radisl veloclties on the blade surface pressure
distribution and on losses In the rotor blade row. The stabllity of the secondary
flows in the boundary-leyer regions of the rotor blades 1s anslyzed. A theory 1s
advanced for tip stalling in the rotor blades of an exial-flow compressor.

217. Hausmenn, George F.: The Theoretical Induced Deflection Angle in Cascades
Having Well Boundary Leyers. Jour. Aero. 8ci., vol. 15, no. 11, Nov. 1948,
pp. 686-690. i

A 1ifting-line theory is developed for the induced incompressible nonviscous
flow in a two-dimensionsl cascade having wall boundery layers, 1n order to cbtaln
e general expression for the downwash veloclty. The theory is developed for cases
of thin boundery leyers, in which chenges of boundery-layer shape and thickness can
be neglected., The velocitlies induced by a modified vortex system associsted with
the wall boundary layers of two-dimensionml cascades are determined and ere consid-
ered to epproximete corrections of the deflectlon-angle deta for cascade tunnels.
Replacing the cascade blades by lifting lines leads to two correction factors, one
accounting for the induced deflections due to the trailing vortex system ln the wall
boundary layers, and the other asccounting for the decresse in total clrculation of
the bound-vortex system.

The effects of blade lenghth, boundary-lesyer thickness, and the number of bledes
on the deflection angles of several cdscades are shown.

218. Carter, A. D. S.: Three Dimensional Flow Theorles for Axlal Compressors and
Turbines. Rep. No. R.37, British N.G.T.E., Sept. 1948. (See also War Emer-
gency Issue No. 41 pub. by Inst. Mech. Eng. (London). Reprinted in U.S5. by
A.8.M.E., Apr. 1949, pp. 255-268.)

Secondery flows in cascades are discussed from experlmental and theoreticel
viewpolnts. The secondsry flows are stitributed to tralling~edge vortices and to
phenomensa sssocisgted with both nonuniform spproach velocitlies and spenwise vaeriation
of circulation along the blades. Quantitative estimmtes of the flow deflections are
ettempted. The flow of & perfect fluld through an asnnulus is considered, and the
flow requirements of radiel equilibrium are discussed.

The effects of tip clesrance and relative motion between the blades and the wall
ere discussed in general terms. The bounddry-layer displecement, work done, esnd in-
duced drag are linked together.

218. Certer, A. D. 8., end Cohen, Ellzsbeth M.: Preliminary Investligation into the
Three-Dimensional Flow Through a Cascade of Aerofolls. R. & M. No. 2339,
British A.R.C., Feb. 1946.

A general discussion 1s presented of secondary flows in cascades of straight
eirfoils based on experimental observetlions of totel-pressure, static-pressure, and
flow-angle measurements upstreem and downstreem of cascedes. The tunnel well bound-
ary lesyers are observed to have a considergble displacement effect on the main flow
as a result of their interaction with blade trailing-edge vortices, which are sbtri-
buted to variation of cilrculastion along the blsdes (see survey 230).
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220. Squire, H. B., and Winter, XK. G.: The Becondary Flow in Cascede of Aercfolls
in Non-Uniform Stresm. Rep. No. AERO. 2317, British R.A.E., Mar. 1949. (Bee
also Jour. Aero. Bci., vol. 18, no. 4, Apr. 1951, pp. 271-277.)

This theoretical ard experimental report was the forerunner of a series of ..
studies of nonviscous secondary-flow investigations (e.g., surveys 220 to 228). The
purpose of the nonviscous secondary-flow spproach is to obtein s good physical pilc-
ture of the flow characterisitics by use of slmplified equations. However, precise
deteils of the flow behavior sre not cbtainsble from thie approach. The theory con-
siders the secondary flow in a gulding passsge (pipe, channel, blade row)} resulting
from a nonuniform total pressure upstream of the turning conflguration; that i1s;
corresponding to the case of a very thick boundery layer. As the fluid turns, second-
ary flows develop and are sttributed to components of vorticity in the same direction
as the through-flow veloeity vector.

The analyses of thils series are based on the following three governing equations
for the flowv of a steady incompressible nonviscous fluid:

curl (VX Q) =0

div® =0

ddvV =0

vhere V and R are the velocity and vorticity vectors of the flow, respectively.
An expression is derived for the secondery-flow compounent generating vorticitcy El

perallel to the through~flow downstream. The theory sssumes the secondary-flow ve-
locities as e perturbation on the potential, two-dimenselonal free-veortex primary flow.
From knowledge of the vorticity component £,, the seconldary-flow velocities are

found. By addition to the primary flow, a first approximation to the actual flow may
be obtained. No self-transport of vorticity is assumed.

The secondary flows are responsible for losses comparsble to induced drag losses
of the same order of magnitude as the pressure losses resulting from proflle drag
effects. The asgreement of experiment with theory was fairly good, (see surveys 48
and 237). .

221, Stephenson, J. M.: BSecondary Flow In Cascades. Jour. Aero. Bei., vol. 18, no.
10, Oct. 1951, pp. 698-T700. S - ; .

A simpler slternate derivetion of the results of survey 220 1s attempted by use
of the principle of conservation of circulation in order to calculate the gyroscope
effect (noted im survey 220), where flow into bends contaln vorticity.

222. Loos, H. G., and Zwaaneveld, S.: 8Secondary Flow in Cascades. Jour. Aero. 8Scil.,
vol. 18, no. 9, Sept. 1952, pp. 646-647.

Discrepancies in the method of edding trailing vortices noted in survey 221 are
discussed. Another method 1s developed uslng the method of survey 225.

223. Yeh, H.: BSecoundary Flow in Cascades. Jour. Aero. Scil., vol. 19, no. 4, Apr.
1952, pp. 279-280. " : :

The chlef result of survey 220 is obtalned for the first spproximation to the
secondary flows downstream of a cascade with parallel nonuniform spanwise flow enter-
ing the cascade. .

3685
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224. Hawthorne, W. R.: Induced Deflection Angle In Cascades. dJour. Aero. Sci.,
vol, 16, no. 4, Apr. 1948, p. 252.

An ‘enalysis of flow patterns (similar to thet of survey 217) leads to the con-
clusion that the flow deflection 1In a cascede of finite span is grester than that in
8 cascade of infinite span.

225. Hawthorne, Willilam R.: Secondary Clrculetlon in Fluid Flow. Gas Turbine Lab.,
M.I.T., May 1950. (See also Proc. Roy. Soc. (London), ser. A, vol. 206, mo.
A1086, Msy 7, 1951, pp. 374-387.)

As in survey 220, secondary flows are asttributed to components of vorticity in
the same direction as the flow vector. - Beginning with the same three governing equa-
tions as survey 220, the local rate of change slong the streamlines of this secondary-
flow vorticity is derived in sn enslysis.assuming en incompressible nonviscous steady
main flow with no body forces. The secondery flow 1s considered a perturbation on
the primary flow; no self-transport of vorticity is permitted. An expression is
found relating the secondary-flow vorticity component to the veloclty, the streamiine
curveture, and the lncoming total-pressure gradient. By integratlon along the two-
dimensional streamllnes, the effects of the secondery-flow vortlcity distribution are
determined. By addlition of these perturbatlon effects with the two-dimensionsl main-
stream flow, the streamline displacements resulting from secondery-flow effects are
evaluated.

Applying thils theory to the flow 1n plipe bends results in secondery flows that
ere oscillatory, and not epiral. This result ig highly qualified by the assumptions
made in developing the theory. Agreement with experiment indiceaetes that, while fluid
friction is responsible for the secpndery flows as it generates the verying total
pressure of the fluld at the inlet, it 1s this stagnatlion-pressure gredient, not the
friction losges in the pipe (or channel) bend itself, which governs the secondery-
flow development throughout the fluild, for this particular Investigstion.

2268. Kronauer, Richard E.: BSecondary Flows in Fluid Dynamics. Pralt and Whitney
Res. Rep. No. 132, Gordon McKey I.eb., Harvard Univ., Apr. 1951.

To obtaln more exact solutions for the nonviscous secondery-flow snalyses of
surveys 225 and 220, an iteration process of successive gpproximations is developed.
Starting with an assumed first approximation to the velocity fileld under investiga-
tion, & vortex fleld is calculated by means of the Ceuchy vorticity equetions. The
vortex field 1s then integrated to give a new veloclity field, and the process 1s
repeated until discrepancles between successively calculated veloclty fields ere’
small. :

The compubational difficulties make it undesireble to celculate more than one
step In the successive gpproximetion scheme. 1In order for the results to bhe meaning-
ful, & good starting spproximetion must be made. The =muthor believes thet enough is
usually known gbout the desired soluwtion to do thie.

227. Eichenberger, Eans P.: Shear Flow 1n Bends. Tech. Rep. No. 2, Office Navel
Res., Gas Turbine Lab., M.I.T., Apr. 15, 1952. (Contract NSori(7848.)

Even though the nonviscous~flow enslyses (surveys 220, 225, and 226) are sim-
plified spproaches to the secondary-flow problem, solutions of the governing equations
are nonetheless difficult to obtain. Use of more simplifying assumptions would
quelify still further the validity and meeningfulness of the results so obtalned. A
more exsct perturbation-type solution involving series expansions wlith Bessel func-
tions, developed in this repori, provldes s partial answer to the questlion. The sim-
plified solutions for the cases computed agree well with the more exact solution.
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228. Ebhrich, F. F., an@ Detra, R. W.: Transport of the Boundary Layer in Secondary
Flow. dJour. Aero. Sei., vol. 21, no. 2, Feb. 1954, pp. 136-138,

It is assumed that the secondsxry velocities, and thus the perturbation stream
function (representing the secondary flows) in the plane perpendiculsr to the
through~flow, build up linearly through the cascade. On this basls, a stepwise
procedure is developed for calculating the movement of a particle of fluid in the
plane perpendicular to the mein-flow direction as 1t progresses through the passage.
Thus, both the streamline paths and the secondary vorticity can be determined through
a bend.

3688

229. Bllbermen, E.: Importance of Secondary Flow In Guide Vanes Bends. Proc. Third
Midwestern Conf. on Fluid Mech., Univ. Minn., 1953, pp. 669-686.

An experimental investigation of the secondery flows in 90° guide-vane bends
is presented for three vene profiles snd & range of solidities. "Thé major 1osses
due to secondary flows in cascade rows occurred downstream. These losses are ocea-
sioned by the increased wall shear resuliing from transport, by secondary-flow ection,
of high-velocity main-stream fluid onto the duct walls downstream of the vanes. The
generally small effects of secondary flows on meln-stream deflectlon are pointed out,
but the locally important secondary flcw effects on deflection angles near the end

walls are lgnored. ) - =

The effect of secondary flow on total-pressure loss is divided into two perts:
(1) lose that cen be measured immediately behind the vanes, and (2) the increased
shear-flow loss previously discussed, which is meegured farther downstream. - Y m

230. Herzig, Howard Z., Hansen, Arthur G., snd Costello, George R.: A Visualization
Study of Secondsry Flows in Cescades., NACA Rep. 1163, 1954. (Supersedes NACA
TN 2947.)

The secondmry-flow patterns in the boundary layers of various cascades and
turbomachine configurations were investigeted for a range of flow speeds from sbout
30 feet per second to Mach 1.4. The general plan adopted was to investlgate second-
ary flows in gimple two-dimensional configurations first, and then to proceed to
more general three-dimensionsl configuretions. Flow-visualizetion techniques, such
as smoke filements, were used to trace the patterns at low speeds. Chemlcal and
palnt traces were employed at the higher speeds. The information obtained from such
boundary~leyer tracing was correlated with total- and static-pressure and flow-angle
surveys made by more conventionel instrumentatlion, in an effort toobtaein an over-all
picture of the fundemental flow patterns that exist in real flows.

The end-wall boundary layer of a two-dimensionael cascade undergoes complicated
three-dimensionsl motions as it moves under the influence of meain-stream turning.
Overturning in the boundery layer results in crass-chennel secondary flows that tend
to accumulate near the suction side of the passage, glving rise to flow vortex for-
mation well up within each cascade passage. The size and tightness of the vortex
generated depend upon the main-flcw turning in the cascade. In dovnstream blade rows,
such a flow vortex cen cause serious flow disturbances end unfavoreble flow angles.
Thus, while very little energy mey be involved in vortex formstlon, the losses insti-
gated by the flow vortex in succeeding stages mey be important.

Two major tip-clearance effects were observed; ‘the formation of a tip-clearance
vortex, and the screping effect of a blade in relative motion past the wall boundary
layer. The magnitudes of these effgcts are functions of the tip speed, the amount
of tip clearance, the blade-tlp shape and stagger, the main-flow speed and turning,
and the direction of relative motion. Detailed studies of the tip-clearance flows »
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and the blade surface boundary-leyer flows indicate possible methods for Improving
the blade-tip loasding characteristics of compressors and turbines. By careful choice
of the optimum tip-cleerance size (not necessarily the minimum clesrance), blade-end
shape and speed, maln~flow turning, and so forth, the tip-clearance-region disturb-
ances can be minimized.

Extensions and applications of both the information presented in this report
and the experimental research techniques employed are mede In succeeding invesilga-
tions (see surveys 231 to 233).

231. Rohlik, Harold E., Kofskey, Milton G., Allen, Hubert W., and Herzig, Howard Z.:
Secondary Flows and Boundary-ILeyer Accumilations in Turbline Nozzles. NACA Rep.
1168, 1954. (Supersedes NACA TN's 2871, 2909, and 2989.)

An investigetion of secondery-fiow loss patterns originating in three sets of
turbine-nozzle blade pasBages was conducted by mesns of flow-visusllzatlon studies
and deteiled flow measurements. For all cases, high loss values were measured in
the fluid downstream of the corners formed by the suction surfaces of the bledes and
the shrouds, and these losses were eccompenied by discharge-angle deviations from
design values. Despite the sizes of the loss regions and the angle gradients, over-
all mess-averaged blade efficiencies were of the order of 0.99 and 0.98, indicating
that such mass-aversged blaede efflicilencies do not convey much informatlon sabout the
flow conditions and are not & good index of blade performance.

The inner-wall loss core assoclated with a blade of a turbine-nozzle cascede is
largely the accumulation of low-momentum fluilds originating elsewhere in the cascade.
This accumulation is effected by the secondary-flow mechanism, which transports the
low-momentum flulds radially in the blade wekes and boundary layers and across the
channels on the walls. At one flow conditlion investigated, the radial transport of
low-momentum fiuid in the blade weke and on the suction surface near the trailing
edge accounted for approximately 65 percent of the inner~wall loss core, sbout 30
percent resulting from flow in the thickened boundary layér on the suction surface,
and gbout 35 percent from flow in the blade wake.

The degree to which blede-surface velocity profiles affect the magnltude end
concentration of loss cores was investigabed by comparing three nozzle-blade config-
urations. Flow-visuallzetion studies and flow measurements at the lower Mach numbers
indicate that thickened blade boundary leyers existing on the blades nesr the outer
shroud, as & result of unfavorable blade surface veloclty profiles, may provide the
conditions required for passage vortex formation. Under these conditions, sizable
outer-shroud loss cores are found at the nozzle discharges. Blades having thinner,
two-dimensional suction profile boundary layers, however, appeer to offer resistance
to pessage vortex formation near the outer shroud, end en inward radisl flow of low-
momentum sir results in the blade wske. Under these conditious, the Inner-shroud
loss region at the nozzle discharge is large, while the outer-shroud loss reglon may
be qulte small in comparison.

In both  cases, reduced loss sccumulations along the outer shroud are obtained
at the higher Mach mumber, as shock boundsry-layer thickening on the blade surface
provides an additional path for the radielly inward flow of low-momentum fluid.
Therefore, the results indicate that pessage vortices mey not form for all blade con-
figuretions and flow conditilions but thelr formstion may be governed to a large extent
by blede boundary-leyer thickness and separetion. Comparison of well-designed
constant-discharge-angle and free-vortex type blades Indicates that the secondary-
flow loss differences for these blades are so small that the choice of the type of
blading, based solely on secondary flows, 1s of negligible conecern.
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232, Herzig, H. Z., and Hansen, A. G.: Visuallzetion Studies of Secondary Flows with
Applications to Turbomachines. Preprint No. 33-A-56, A.5.M.E., 1953.
Most of the factuel Iinformation obtalned in surveys 230 and 231 1s presented in
condensed form, and methods for cpontrol and diversion of the secondary flows for ap-
plication to turbomechinery are discussed brlefly. Centrifugal effects were not
included in this study.

233. Kofskey, Milton G., and Allen, Hubert W.: BOmoke Study of Nozzle Flows in a
Low-Speed Turbine. NACA TN 3260, 1954.

St111 and motion pictures were made of bhoundary-layer and weke secondary-flow
phenomena, visualized by smoke in a very low-speed turbine specially designed for
the purpose. The motion pictures effectively present many of the phenomena described
by photographs and works in the earlier reports in the seriles (surveys 230 to 232).

The boundery-layer cross-chennel deflections, radial flows, sccumulations, and vortex

formation near the suctlion surfaces ere all demoustrated. The double-layer nature of

the croass-channel boundary-leyer flow 1s discussed, and blade-row interference phe-
nomene are demonstreated. The motion of a downstream rotor blade row 1s seen in the
motion plectures to produce pulsations in the nozzle trailing-~edge radial-flow
patterns.

The motlon-pilcture supplement may be obtained on loan from NACA Headquarters,
Washington, D. C.

234, Btenlitz, John D., Osborn, Walter M., and Mizlsin, John: An Experimental In-
vestigation of Secondary Flow in an Accelerating, Rectangular Elbow with 90°
of Turning., NACA TN 3015, 1953, ’

Total-pressure surveys at the inlet and exlt and the statlc-pressure distribu-
tion were measured on the pressure and suctlon surfece of a 90° elbow designed for
accelerating flow so that boundary-layer separation was avoided (Stanitz, John D.:
Design of Two-Dimerigional Channels wlth Prescribed Velocity Distributions Along the
Channel Walls. I - Relaxation Solutlions. NACA TN 2593, 1952). The dets, which
wvere analyzed using the continuity and momentum laws, disclosed the presence of flow
vortices near the suction surfaces of the elbow. The vortex showed no aspprecieble
spenwise motion as it moved downstreem from the elbow exit.

Spollers at the inlet were used to generate a range of six boundary-leyer thick-
nesses on the plane walls of the elbow. As the spoller size and the boundary-leyer
thickness increased, the vortex changed 1n size and spanwise position, these changes
being quite sudden in & certain part of the boundary-layer-thickness range. The
report speculates that at this point, the boundary-layer thickness has become such
that the viscous effects have reduced importance (as in survey 230). The analysis
suggests that the strength of the secondary vortices and the energy of the secondary
flows are small.

235, Smith, Leroy H., Jr.: Three-Dimensional Flow in Axial-Flow Turbomachinery.
Pt. I. Theoretical Determination of Secondary Flow. Rep. 1-14, Mech. Eng.
Dept. Internal Flow Rés., Thé Johns Hopkine Univ., Nov. 1953. (Air Force
Contract AF-33(616)-152.)

Assuming nonviscous flows, the direct and inverse axisymmetric flow solutions
are presented in a form inteuded to expedite secondary-flow discussion. The assump-
tions end limitetions on the methods are pointed out. The induced turning end radial
velocities due to secondary-flow effects are deduced from the axisymmetric solution.

3€86
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The necessary conditions for slgnificant secondary flows are expressed, and methods
for considering their effects In compressor deslign are investigated. Tralling vortex
sheets, their effects, and secondary vorticity assocleted with circulation downstream
of a blade row are discussed.

236. tmith, Leroy H., Jr.: Three-Dimensional Flow in Axial-Flow Turbomachinery.
Pt. IT. Experimental Investigations. (Air Force Contract AF-33(616)-152.)
The Johns Hopklins Univ., May 1954.

A single-stage low Mach mmber compressor wes built according to the theory of
the first part of the investigation (see survey 235), in order to determine the
feasibillty of using highly rotationel flows to achieve high pressure ratlios per
stage with high mass flows. The test resulis Ilndlcete that it 1s possible to use
highly rotational flows, that the design camber cen be mede for such flows by axi-
symnetric theory with good results, and that compressors with good effilclency can
thereby be achieved.

A good estimate of the’megnitude of the expected secondary flows can be obtained
from the exisymmetric solution. For long passeges and conditions where there are
large secondary flows, spanwise energy trensport may meke the axisymmetric solutions
inaccurate (see survey 23l). For such cases, a modified sxisymmetric solution would
be required. The effects of blade-thickness teper may be significant and should be
considered (see survey 142). The effects of vorticity self-transport causing pessage
vortex formation (see survey 230) and the unsuitsbility of the two-dimensional con-
tinulty criterion for snalyzing the behavior of thin well boundary layers are
discussed.

237. Ehrich, F. F.: Secondery Flows in Cascedes of Twisted Blades. Preprint No.
432, Inst. Aero. Beil., Jen. 1954.

The flow of & nonviscous fluild with spanwlise nomuniform veloclty distribution
through a two-dimensional cascade with nontwisted blades is dlscussed in survey 220,
the uniform flow through = cascade of twlsted blades 1s reported in survey 48. In
the present report nomuniform flows past twisted bledes ere analyzed, the secondary
fiow being considered ss & perturbation on the main flow. The general result ob-
tained reduces exactly to the solutlon of survey 220, and 1s qualitastively and quan-
titatively similar to the results of survey 48, for thelr respective cases.

238. Dean, Robert C., Jr.: Secondery Flow In Axisel Compressors. Gas Turbine Lab.,
M.I.T., May 1954.

A review and evaluation of a grest deal of secondary-flow research, both theo-
retical end experimentel, 1s presented, and a bibllogrephy of over 40 related reports
is surveyed. Discussions of the assumptions, the methods employed, and the inter-
pretations of the results obtained ere included. The net result is portrsyal of the
physical phenomena involved, as well as en sppreciation for the problems Incurred in
handling asnd investigeting secondaery flows.

A theoretical treatment of the problem of.determining the'secondary-vorticity
behavior of the boundary layer skewling through a cascade is developed, tested, and
evaluated in 2 menner emphesizing the governing physical parameters. One result in-
dicates that the strength of a vortex formed in a passasge with large main-flow turn-
ing may be expected to increase as the inlet wall boundary becomes thinner or the
turning engle larger. o

An approximate theory is developed to include the effects of streamwise pressure
gradients, always previously ignored. The analysis applies to thin boundary layers
for cases of small main-stream turnings but does not gpply to the behavlior of
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boundary-layer fluids close to the wells in diffusing passages. The experimental

verification of the analysis, which wes difficult and not quite suiltable, but hope-

ful, indicetes the importance of considering pressure stresses in secondary-flow e m
analyses. To wlden the scope of the analysis, the effects of shear etresses are in-

vestigated by means of a momentum analysis of a thin laminsr boundary leyer on the

plene well of a turning passege. The epproximate analysis indicetes the importance

of viscous stresses {and turbulence stresses) on the boundary-layer flows near the

wall. —.

239. Mellor, George L., Jr.: Theoretlical Consideration of Becondary Flow. Rep.
27-2, Gas Turbine Lab., M.I.T., Dec. 1954. (Contract N5-ori-07848.)

3686

A more exact extenslon 1s mede here of the analysis presented by survey 235,
which investigates the laws of vortielty transport for incompressible nonviscous
steady flows. The main or primary flow is cbtsained by en axisymmetric solution, and
the secondary flows are Basumed to be small perturbations on the primary flow. Self-

transport of vorticity is ignored. Mixing losses in the main stream occasioned by
secondary flows may be significant.

240. Wu, Chung-Hua, and Wu, Wen: Analysis of Tip-Clearance Flow in Turbomechines.
Tech. Rep. No. 1, Dept. Mech. Eng., Gas Turhine Lab., Polytechnic Inst. of _ L
Brooklyn, July 1954. (Contract Nonr 839(04) KR-062-172, Qfffice Navsl Res.,
U.S. Navy.) v

A basic analysls is presented of the blade tip-clearance flow In turbomachinery.
The flow is assumed visccms, 1ncom;pressi'b1e, and steady. Both low and high Reynoclds
numbers are considered. . - .o

An anaslytical solution of the low Reynolds number case results in an expression
for the velocity distribution in the tip-clearance space in terms of pressure gradient
and relative hlade-to-wall speed., No analytical solutlion cen be cbteined for the high
Reynolds number case. An approximate solution ylelds an expression similar to that
obtalned for low Reynolds numbers.

The pressure gradient over a blade section at the tip is affected by the blade
loading, the shape of the tip section, the casing boundary-leyer characteristics,
the viscosity, snd the relative blade-to-cesing motion (see surveys 212 and 230).
Velocitles through the tip-clearance space are governed by the pressure gradlent,
vhich varies as the square of the tip clearance. Mass flow through the tip-clearafice
region depends upon the veloeliy distribution and the pressure gradient, and varies
with the cube of the tip clearance. ' ' ’

SECTION IV. GENERAL HISTORICAL INTEREST

241, Spannhake, W. (L. J. Goodlet, tremns.): The Three-Dimensional Theory of Turbines
and Pumps for Incompressible Fluids. R.T.P. Trane. No. 1568, British M.A.P.
(From Forsch. Geb. Ing.-Wes., vol. 8, no. 1, Jan-Feb. 1937, pp. 29-34.)

The flow through diffusers and impellers is exsmined by means of hound vortices
and the infinite nmumber of blades theory. Using source~sink representations, the
interasction of blades, casing walls, and disks 1s proved and discussed. The series
representation convergence is alow (see survey 244).

¥

242. Eckert, B.: Poesibilities of Reducing the Length of Axial Superchargers for
Aircraft Motorse. NACA ™ 1132, 1947. i o
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Several types of construction, which might permit sufficlient reduction of the
length of axial blowers for possible use in aircraft, are described: (1) a three-
stage blower with adjustable rotor blades; (2) a three-stege axial blower with guide
vanes; (3) & four-stage axial supercharger with counterrotating rotors, gearing, snd
intermediate guide vanes; {4) a four-stege exisl supercharger with counterrotating
rotors and two gearings; (5) a five-stage supercharger similer to the last; and (6)
a five-stege counterrotating axial blower with outside roteting drum. Comparisons
of the verious types are tabulsted.

243. SOrensen, E.: Constent-Pressure Blowers. NACA T 927, 1940.

The advantages of constant pressure design are discussed. All the energy im-
parted by the rotor to the fluid is in the form of velocity head. Reduction in
axiel-flow area provides the rise In axial-flow velocity, which in turn csuses the
work input to eppear as flow kinetic energy rather than as & pressure rise.

Cavitation and separation hazerds are greet, and the diffuser design becomes

“eritical. The chief advantage 1s in chesp construection.

244. Borensen, E.: DPotential Flow Through Centrifugel Pumps and Turbines. NACA
™ 973, 1941.

The two-dimensional complex potentis) for the flow through blades at rest esnd
with rotation is given as definite integrsals, es compared with the series represen-
tation of survey 241. This avoids the difficulties inherent in the slow convergence
of the series.

The performence Ils computed and comparlsons are made with the infinite number
of blades method cbtained by Euler's formmle. The effects of variegble mumbers of
blades are discussed, end semple calculations ere provided.

An anelysis and computation for a flow potential due to blade rotation is
presented.

245. Ackeret, J.: Zum Entwurf dichtstehender Schemnfelgitter. Schwelz. Bunztg.,
Bd. 120, Nr. 9, Aug. 29, 1942, pp. 103-108.

The two~dlimensional potential flow past & finite mm'ber of blades 1is obtalned
by means of a& source-vortex representation.

246. Betz, A.: Axlel Superchargers. NACA TM 1073, 1944.

The great length end nerrow range of good performance of axlal superchargers
are discussed. An snalysis discloses that the performance renge disadvantages of
exisl compressgors are not as large as they first sppear. Methods of decreasing the
length are discussed. Included are general guallitative discussions concerning im-
proved Flow about the bledes, use of shorter guide venes, counterrotating impellers,
and increased stege performance by better design, mamufacture, and use of supersonic
velocities.

247. Howell, A. R.: The Present Basis of Axial Flow Compressor Design. Pt. I. -
Cascade Theory and Performance. R. & M. No. 2095, British A.R.C., June 1942.

General discussions are presented of vortex-flow theory and deslgn, test anal-
yses, Mach number corrections, tip-clearance efficlency correction, and three-
dimensional flows in compressors.
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Experimentally, the variation of profile loss with Reynolds muriber discloses
that inlet Reynolds numbers below 3x105 are critical. Iow-speed cascade tests re-
sults are contaeined in two curves of Mach number effects on the stalling deflection
of the air end the efficiency.

248. Howell, A. R.: Design of Axial Compressors. War Emergency Issue Ro. 12 pub.
by Ingt. Mech. Eng. (London}, 1945. (Reprinted in U.8. by A.S.M.E., Jan.
1947, pp. 452-462.)

The use of basic fluld dynamics In compressor design is expleined, as well es
the bases and use of some simplified design methods and the final check of a design
by performance estimetion. Main compressor types, such as reaction or impulse com-~
pressors, generalized design curves, and flow coefficients are discussed.

249, Weinig, F.: Baslic Considerations in the Design of Axial Flow Compressors.
Pt. A - Celculation Fundamentals for Multi-gtage Axlal Compressors. BUSHIPS
338, vol. 5, May 1946.

To combine single stages successfully into e multistage compressor having the
deslired output, relieble preliminery calculations must be made. In order to achieve
this purpose, beasic concepts sre ocutlined for single-stage and miltistage compressors
including several efficiencies, types end sources of loss, veloclty triangles,
throttling, 1lift, draeg, and circulation coefficients (blade loading), and others, A
brief discusslon is presented of Reynolds end Mach number effects, stage-matching
requirements, and the influence of diemeter ratic on efficiency. Nomograms that
facilitate the calculatlons are described.

250, Eckert, B., snd Welnlg, F.: Beslc Consideratione in the Design of Axisl Flow
Compressors. Pt. B - Axiel Compressors. PBUSHIPS 338, vol. 5, May 1848.

Fundamental calculations for the design of exial-flow compressors are given,
basic on alr-flow and eirfoll theory. Methods for increasing the pressure rise per
stage, such as higher wheel speeds and careful manufascture, are suggested., The
efficiencies of Impulse end reaction compressors, the effect of hub~tip radius ratio
on over-gll efficlency, and the regulation of a compressor are dilscussed.

The conclusion 1s reached that axial-flow compressors are better then radlal
compressors because of thelr higher efficlency, more air-flow delivery, and better
space requirements, that is, smaller frontal eree.

251. Encke, W.: Investigatlons on Experimentsl Tmpellers for Axial Blowers. NACA
™ 1123, 1947.

Bxperimental impellers were designed to investigate the possibilities of in-
creaging the pressure rise per stage enough to make multistage axial~flow compressors
feasible for aircraft use. A quaelitative discusslon is presented ebout the relstions
among rotor speed, air-handling capaclty, pressure rise, efficiency, and lift
coefficient.

252, Spennhake, W.: The Problem of the Flow Through Turbomachines. Proc. Midwest
Conf. Fluid Dynamics, May 1950. i ’

A general description is presented of some methods of improving turbine and
compressor efficiencies by considering the blade circulation end the boundsry layer,
end by epplying conformsl mepping.
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253, Baxter, A. D.:

A Comparison of Axlsl and Centrifugal Compressor Gas Turbines -
An Objective Exeminstion of the Pros and Cons of & Much Debsted Subject.

craft Eng., vol. XXIV, no. 281, July 1952, pp. 186-188; 197.

The comparisons lead to a chert of values s follows:

Axigld-flowiCentrifugal
Performance| Technlical |Efficiency checks:
Pressure ratio 7 4.5
Specific thrust 66.0 56.0
Specific fuel
consumption .85 1.0
Dimensions:
Weight/thrust 0.3 0.3
Thrust/frontal
aresa 1000 400
Operstional |Btatic:
Instellation Better
Maintenance Better
Running:
Vulnersability Better
Flextbility Betier
Production |Manufacture | Materisels Bettexr
gnd cost
Machines Better
Man-hours Better

Lewls Flight Propulsion Leboratory . .
Wational Advisory Committee for Aeronsutics
Cleveland, Ohlo, August 30, 1955
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